Nucleophilic Substitution & Elimination Chemistry 
Four mechanisms to Icam: S N 2 vs 1:2 and S>J vs HI 
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S = substitution = a leaving group (X) is lost from a carbon atom <R) and replaced by nucleophile <Nu:) 

N = nucleophilic = nucleophiles JNu:) donate two electrons in a manner similar to bases (B:) 

E = elimination = two vicinal groups (adjacent) disappear from the skeleton and are replaced by a pi bond 

1 = unimolccular kinetics = only one concentration term appears in the rate law expression. Rate = k[RX] 

2 = bimolecular kinetics = two concentration terms appear in the rate law expression. Rate = k[RX] [Nu: or B:) 

Sjg2 competes with E2 
S N 1 competes with El 



Nu: / B: = is an electron pair donor to carbon (= nucleophile) or 
to hydrogen (= base). It can be strong (S N 2’E2) or weak (S N 1 El >. 


R = methyl, primary, secondary, X = -Cl,-Br. -I. -OSO>R (possible leaving groups in neutral, 

tertiary, allylic. bcnzylic ' basic or ac idic solutions) 

e 

X = -OH> (only possible in acidic solutions) 

Important details to be determined m deciding the concct mechanisms of a reaction. 

1. Is the nucleophile'base considered to be strong or weak? We simplistically view strong electron pair donation 
as coming from anions of all types and neutral nitrogen, sulfur and phosphorous atoms. Weak electron pair 
donors will typically be neutral solvent molecules, usually water (H:0), alcohols (ROM), mixtures of the two, 
or simple, liquid caiboxylic acids (RCO*H). 

2. What is the substitution pattern of the R-X substrate at the C„ carbon attached to the leaving group. X? Is it a 
methyl, primary. secondary, tertiary, allylic. or bcnzylic carbon? What about any Cj, carbon atoms? How 
many additional carbon atoms arc attached at a Cp position (none. one. two or three)? 

Answers to these questions will determine S*2. E2. S N 1 and E1 reactivities and alkcnc substitution patterns and 
relative stabilities in H2 and El reactions. 
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Strong electron pair donation in our course (S N 2 / E2). 

S»2E2 —► conceited reactions (one step) S>j2 = always backside attack at C„ E2 - anti C p -H V C„-X elimination 

(inversion of configuration) (forms pi bonds) 


Nu: 


B : 


Na 

© 

= -.O — H 
•• 

hydroxide 

(buy) 


Na 


K 


■o- 


: P-R 

alkoxidcs potassium t-butoxide 


Na 


O 



Na 

© 

• • 

is-H 


Na 

© 

:S-R 


hydrogen sulfide alkyl sulfide 
i carboxylates (ihiolate) (thiol ate) 

(make) (make, strong base) (make, acetate) 


(buy) 


(make) 


‘O; 



Na 

© 

; l =N 
cyanide 
(buy) 


:(=( 

Na aectylides 
(make) 


-H 



(make) 


u* 

© 

H’C' . . 
ester etiolates 
(make) 



__, © I’b 

o- 

dit Inane anion 
(make) 


l>h 



H N ® 

D Na 

\® e 

H—i—H 
• 

D—A—D 

S-CH' 


A 

/ 

H 

sodium 

sodium 

sulfur 

borohydnde 

borodeiitende 

ylids 

(buy) 

(buy) 

hV 

i Na 6 

i ..© 

:NR, 

R 

C ot H 


II 


I i 



O 

Is Is 

H—Al—H D-AI—D 

** ri butyl lithium 

lithium lithium (very strong base u , Kld niKWulo 

aluminium aluminium or nucleophile. u*e ; vi|[| 
hydnde deutende anytime) in strong acid 

(buy) (buy) (buy) (buy) 


Na .‘Cl: 
• • 

» - © 
Na : Br: 

Na : i ; 


Na :H 


sodium hydride potassium hydride sodium amide 
(very strong base) (very strong base) (very strong base) 


A 


(buy) 


(buy) 


R : (MgBr) R : Li 

alkyl lithium 
(very strong bases 
and nucleophiles) 
(make) 

Important additions for us. 

pi, i> 

diphenylsulfide, 
used with C-O 
to make epoxides 


Grignard reagents 
(very strong bases 
and nucleophiles) 
(make) 


PIT ^Ph 


(buy) 


R;CU Li 

organoeuprates 
(good carlson 
nucleophiles) 
(make) 


Ph - phenyl 


triphenylphosphine 
used with C^O 
to make alkenes 


©"'Lr 

lithium 

diisopropylamide 
(very strong base) 
(make) 

a .. © 

Cu •• Br: 

cuprous 

bromide 

(buy) 

CrO, / pyridine 

pvridinium chloroehromate 
PCC 

oxidising E2 reaction 
(buy) 


O 


Cl— 



- Ts-CI (tosyl chloride) 
makes ROM into tosylates 

O ■” 

pyridine = 

(buy) proton sponge 


CrO ,! H : 0 

Jones roagent 
oxidizing E2 reaction 
(buy) 
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These two reactions look similar, but there arc important differences. 


© 

-• hr; 

A 


A 

manor 

Rate-ka^lKPl'lRBrl' 

major 

Rate - k(i|IIC^* I'lRBr]' 

..e 

: Hr: 

• • 


iir: 

A 

• 

:5K" 


..e 

: Hr: 



,A°-„ 

major 

Rate-k^RB,]' 

minor 

Rale - l|||Rlir| 1 

•• 


Sn 2 versus E2 overview (essential features) 

Example: 1° RX, requires strong nuclcophilc/basc, S\2 > E2, exceptions: potassium t-butoxidc or sodium amide. 


: Nu: ‘ 


0 


A 

v u —Br 

•l " 

1 ‘broniopropane 


\ 

„c„ 


S n 2>E2 

I unless I -huloxidcl 

S k 2 always 
backside attack 


Mu-C’ 


II 

N.**«•* 

./A 

ii 


:Nu: :b? 

strung - anything 
with negative charge, 
arxl neutral sulfur, 
phosphorous ur nitrogen 



(alio R.N®-E2) 


1 -bromopropanc 


E2>S n 2 

(when tbutoxidel 

E 2 always 
anti C r H C a -X 


M > c x! 


r,. 


V 


1! 

alkene 


E2 


*11 


S n 2 reactions arc the most important reactions - always backside attack at C„-X carbon 



methyl (Me) primary < I") secondary (2°) tertiary (3°) 



allylie 

( 1 °. r. r versions) 


C-beta carbon ■- 



— C-alpha carbon 

(0-3 of these) 

.- C 

—x 

(only 1 of these) 



benzylic 

(1°. 2°. 3* versions) 
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Relative rates of S*2 reactions - steric hindrance at the Co carbon slows down the rate of Sn 2 reactions. 


II 

II 

CH, 

CH, 

II —c| —X 

H,C—C„—X 

| 

HjC—C a —X 

1 

II,c — cl.—X 

1 

II 

k a 30 

methyl (unique) 

H 

k> 1 

ethyl (primary) 

II 

k a 0.025 

isopropyl (secondary) 

CH, 

k>0 

l-butyl (tertiary) 


reference compound 

(4 

(very low) 


methyl RX 

(H) 

primary RX 

(H) 

secondary RX S X 

Vx 

Qd’ _x 

w 

0 


V-V© 

Methyl has three easy paths of 

Primary substitution allows two easy paths 

Secondary substitution allows one easy path 

approach by the nucleophile. It is 

of approach by tire nucleophile. It is Ihe 

of approach by the nucleophile. It reacts the 

the least sterically hindered carbon 

least sterically hindered 'general" substitution 

slowest of the possible S *2 substitution 

in reactions, but it is unique. 

pattern for S *2 reactions. 

reactions. 



Tertiary substitution has no easy path of approach 
by ihe nucleophile from the backside. We do ixit 
propose any S„2 reaction at tertiary RX centers. 


II 



H 


When the C u carbon is completely 
substituted the nucleophile cannot 
get close enough to make a bond 
with the C„ carbon. Even Cg-H 
sigma Kinds block ihe nucleophiles 
approach. 


All of these arc primary - R-X structures at C a . but substituted differently at Cp. 


II H CH» 

H—J„—c —X HjC—i—C S —X H,C—J p —c— J 


k * I 
ethyl 

reference cornpouiu 


k a 0.4 

propyl 


k * 0.03 

2 -tnelhylpropyl 


M.C- 


CH, 


L 


n« 


—x 


k a 0.00001 *0 
2 . 2 -dimetliylpropyl 
( 1 ° neopentyl) 


II 

iia5. 


CH 

r 




e 

Nu: 



4 A- 

7 


A completely substituted Cp 
carbon atom also blocks the 
Nu:® approach to the backside 
of Ihe C-X bond. A large group 
is always in tlx: way at the 
backside of the C..-X Kind. 


Nu 



If even one Kind at Cp has a 
hydrogen then approach by 
Nu:® to the backside 
Of the C a -X Kmd is possible 
and an 5> s 2 reaction is 
possible. 
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PF. 


"Transition State* 

II 

»<“>CD>i;CE>§«' 

A 


reactants 

ACi - this energy dift'er emre determines the 
extent of the reaction; the ratio of pmdueix____ 
versus reactants at equilibr iuni < when 
kinetics allows tl»e reaction to proceed. — 

Thermodynamics is determined mostly by the 
strengths of the bonds and solvation energies of 
the reactant and product speces: "thermodynamics". - 10 ilRI 


Rate - k SN2 [RX]|Nu] 
■Hi 

kstc - 10 1 »T 
E, - -2.3RT log(ks N2 ) 



sp carbon transition slate as carbon 
inverts configuration fomts a high PE 
carbon with 10 elections at carbon. 

This is a concerted, one-step reaction. 

E, - this energy 1 difference determines 
how fast tlie reaction occurs: "kinetics". 


bimoleculai reaction 



AG" - -2JRT loglK^I 

.ACk> 


product* 


POR - progress of reaction 


Problem 1 - How can you tell whether the Sn 2 reaction occurs with front side attack, backside attack or front and 
backside attack? IJsc the two molecules to explain you answer. Follow the curved arrow formalism to show 
electron movement for how the reaction actually works. 



Problem 2 - Why might C 3 and C 4 rings react so slowly in S*2 reactions? (Hint-think about bond angles in the 
transition state versus bond angles in the starting ring stmcturc.) 



Bi 

Bi 

Br 

I 


A 

A 

<6 


(S*2) 

1.0 

0.00001 

0 . 00 s 




0.01 0.97 0.22 


Problem 3 - W hy might C 6 rings react slower in S s 2 reactions? W hat arc the possible conformations from which a 
reaction is expected? Trace the path of approach for backside attack across the cyclohexane ring to see what positions 
block this approach. Which chair conformation would have the leaving group in a more reactive position (axial or 
equatorial)? Is this pari of the difficulty (which conformation is preferred)? 
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H H 



These two chair 
conformations 
interconvert in a 
very fast equilibrium. 


H H 



Problem 4 - In each of the following pairs of nucleophiles one is a much better nucleophile than its closely related 
partner. Propose a possible explanation. 


a. relative rates t» 250/1 



b. 



c. 


“ ..e 

H—C—O: 
/ " 
H 


nicthoxidc 


l( 


H- 


H 


H s~i _© 

H—C—C—O: 

I I “ 

V'l'H 

H 

t-butoxidc 


Problem 5 Write out the expected Sn 2 product for each possible combination (4x8=32 possibilities). 



A 
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Problem 6 - Using R-Br compounds from page 2 and reagents from page 3 to propose starting materials to make each 
of the following compounds. One example is provided. TM-I is an H2 product (see page IS), all the others arc Sn 2 
products. 


2 -azidopropane problem 

© 

solution 

• # N 

Nj Br 

n* N 

NaN, 

A 

A — A 

I'M - target molecule 





Acid'basc reactions important to our course (some reagents have to he made, often by acid/basc reactions) and 
subsequent reactions (mostly 8x2) 


Make alkoxidcs and use as nucleophiles only at Mc-X and 1° RCH>-X in S N 2 reactions. 

A A-A? 


R-O-II 

• • 

alcohol* 


: II 
Na a 


acid base 


.11 


i r 



Kc,- 


1<T 


- 10 4 * 


10 


J? 


R-"" 
ether* 

alkoxidcs arc good nucleophiles at methyl, 
pnmary, allyl and benzyl RX, mostly E2 at 
secondary and only ti2 tertiary RX. they are 
also used as moderately strong bases 
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I" RCH r X and 2" R.CH-X in S N 2 reactions. 



<aoetate> S*2 


carboxylatcs arc good nucleophiles at methyl, 
primary, secondary, ally I and benzyl RX. 
making esters, only E2 at tertian* RX 



S n 2 with acetate produces esters, then acyl substitution with hydroxide produces the alcohol, if desired. A new type 
of substitution reaction. 




Functional Groups to use 


• o • • o • • o‘- 



acid chloride anhydride 



y: tiles classes >15'31 * Handout** 15 Fall 2ftl3\2 315 SN ind F. & chan crtalogxtoc 





Nucleophilic Substitution & Elimination Chemistiy 


Beauchamp 


10 


Make imidates and use as nucleophile al RX centers to convert to primary amines. I. Make alkyl miidcs 2. Hydrolyze 
m base to make primary amines (acyl substitution) 3. Workup) = Gabriel amine synthesis; duplicates azide amine 
synthesis (I. Sn 2 with NaNi 2. S.\2 with LiAlHt at nitrogen 3. workup) 



Alternative azide strategy to make primary amines (S\2 and acid’basc reactions) 




step 2 • nuke pnrmrv amine 


Sn2 




alkyl azide 


N S** 



II 


2 . workup 
aridlxi.vc 
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Make potassium t-butoxidc and use as stcrically large, strong base at I" RCH r X, 2" R.CH-X and 3" R,C-X in E2 
reactions. 


acid base 


•of? 


t-butyl 

alcohol 


'v/ 



10 * 


potassium 

t'butoxide 


“ “ 

No m* 37 


10 ‘ 


10 


* 

alkencs 

potassium t butoxidc. stencally bulky Kim; 
lhal mostly does E2 reaction* with RX 
compounds (except S^2 with Cll*-X). 


Make thiols using NaSH as the nucleophile at Mc-X. I” RCHj-X and 2" R:CH-X in S.\2 reactions. 

-s; 

II 

thiol 


II—S : 

h)<ln>gen sulfide 



S.n2 


Make thiolatcs and use as nucleophiles at Me-X. I" RCHj-X and 2" R:CH-X in S n 2 reactions. 



Synthesis of lithium dithianc anion (acid’basc) 2. SN2 with KX 3. Hydrolyze to make aldehydes or ketones) 

■‘ s ‘/—s 


aldehydes 

and 

ketones 

(bier) 



dithianc 



K «- 




50 


10- 

I O’*' 5 


dithianc anion 

A good nuclcxiphile that 
— 10 can be made into aldehydes 
and ketones 


Make terminal acctylidcs and use as nucleophiles only at Me-X and 1" RCH ; -X in reactions. 
(\ N? - R. 


R-C=C> 

terminal 

alkynes 


acidbi.se 
-► R- 


V e - 
-• 


Na 


: NRs 


-( =c 

terminal 
acetyl idrs 


S s 2 


alkvncs 


XII. 


rU 


K,l 10** 

-=-7, “ 10*'- 

K.- to 17 


terminal acetylides are good nucleophiles 
at methyl, primary, ally I and benzyl RX. but 
moslly 1:2 at secondary and only E2 tertiary RX 
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Zipper reaction - moves triple bond to end of linear chain to form the most stable anionic charge, further chemistry* 
is possible. This reaction is almost identical to tautomers, without any heteroatoms. 


Hi 




II 


rxviianiirci dkyrx: 


l\N 


Mi 


r\ r.A 

t -r 1 r 


No 

Kkttov anma.' 


1 " 


Hi—c=c=c—i. : .. f\ £.? 

-► lb—c=c=c 


II 


II 


Hi 


II 


II 


Hi 


HJs—n 

V 


C=C=C—II 

I 

II 


nm withRX * 
iu*t with C-O • 
retdwitfiqxKik * 
wriif> • 


nvs$’ 

p.**4bilitk*. 


VW ;nkn in 
tfx; m rare. ruxt kxi 
ctcpe fare. 


IW—II- 

i/ 

lb-C- 

I 

II 


-II 


‘ 1‘ „ 

IU 9 .KiVhn.- ,, /) 

<” -C^-CSC: .- Ih—C"—CSC—II 


tcniiiiiil airt> I kk*% arcgtxxi ncia^fiilcn 
it nx.il* L primly, ;ill> l ;ixl Hsi/y I ILX. 
nx*Jly E2 ;< rxxcixiiry arelanly 12 Witts) RX 


H 2 N: 


Synthesis of lithium diisopropyl amide, LDA, stcrically bulky, very strong base used to remove C a -H proton of 
carbonyl groups, (acid / base reaction) to make carbonyl enolatcs (next). 


given 



acid base 



LDA - lithium 
diisopropyl amide 


Think • clerically bulky, very haste 
that goes alter weakly acidic protons. 


React ketone cnolatc (nucleophile) with R-Br electrophile (Me. 1" and 2" RX compounds) 

M&c oKjatc (kloic) 



-7XX' 

iKadhfc 



K-.C 


IQ -3 1 

Iff 37 


.<* 


<11- 



ke»iv aw kites (tvsinir 5jnH fowl) 
tocnr a>j.ic-nivi5»l ifcckcpK kr- 
■I ntihvl. rrimiiy, sanntaiy. aD>l ml 
twylRX, aijjEa tatray. RX 


Reset ketone etiolate with RX compound! (methyl. 1° and 2" RX) 

-o- J 


v 

reaction* 



e 

'll-C: 
kclonc etiolate* 

I refinance stabilized l 



•7ff>C 



Larger ketone made 
from smaller ketone. 
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React ester cnolatc (nucleophile) with R-Br electrophile (Me, 1° and 2" RX compounds) 

'fete enable (esters) .• q\ 
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•O' 



-wr 

-► 

arktlwe 



•N- 







ll»\ 


■ . ^, , ,, „ I cstreml.-te. (rrsnuirstihili/wl) 

Kj Kf- II ester 

athmyl unp. n t,) N„ - - |Q - n tnr**! irony,axmtny. olfcl nixl 

.Iwuyt RX. nib.iaat KOiuj RX.. 


React ester enable with RX compound*(methyl. I" and 2“ RX1 

-o- U* 

I 

S^2 

rcactioos 



ester enobtes 
tresonance stabilized) 


-TK'T 


1° RX 



Larger cjlcr made 
from smaller ester. 


V •' \« w ** 

Ph—p : ph—p—b. 

J vy ZT «/ 



pif 


Sk2 


triphen>l(l«mniiiTi 

bnmifclesiH 


±2l 

K-.C 


ackll^r J 


l“h 

\ 

Ph-P-Ol, 




[-to-ftmtxf-vlkl 
IO® for Wlttia reaction 

—7, “ 10" ' 

I0-* 


imkcalkciKs 
from alcfcl&xte 
iu»l ketones 


\ 

: S ; H,C 

J ^ 


Ph 


II 


S*2 


X’-SC, 


Ph 


/ 


H.C\ 


Li 


diphenyl 

sulfide 


diphenylna.-tliyluilfonium 

bromide silt _ 


K.l 

R.: 


acnl'bate 

,0-5" 


X s 

J 


-CM, 


10* 


- l(T» 


sulfur ylid 
to nuke epoxides 


make epoxides 
from aldehydes 
and ketones 
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Clarification of “Hydride” electron pair donors: In our course sodium hydride and potassium hydride arc 
always “basic/* and lithium aluminum hydride and sodium borohydridc arc always nucleophilic hydride. 

Basic hy dride 


In our course, sodium hydride (Nall) and potassium hydride (KH) arc alwxiys basic (= electron pair donation by 
hydride to a proton), never a nucleophile. ITic conjugate acid of hydride is hydrogen gas (with a pK,, = 37, H : can 
hardly he considered an acid). 


Sodium hydride and potassium hydride (KH) 




Aldrich. 2012 
$39/ KM) grams 
60% oil dispersion 
MW = 24.0 g/mol 


Aldrich, 2012 
$128/75 grams 
30% oil dispersion 
MW = 40.1 g/mol 


Problem 8 - Write an arrow pushing mechanism for each of the following reactions. 




pR. 

ROH 

16-19 

IHt 

37 


Nucleophilic hydride - Formation of C-H bonds using nucleophilic lithium aluminum hydride and sodium 
borohydridc. 

In our course, sodium horohydride (NaBHi) and lithium aluminum hydride (LiAIH* = LAH) arc inorganic salts 
containing nucleophilic hydride* very unusual nucleophiles. Both reagents supply nucleophilic hydndc that can 
displace X in S s 2-like reactions with RX compounds. Sodium horohydride and lithium aluminum hydride arc used 
in many other reactions. They also react with carbonyl compounds (C=0) and epoxides (both to be discussed more 
later). We will often use the deuterium version of horohydride and aluminum hydride so we can identify where a 
reaction occurred. In reality, this is not very common because of the expense. But. for purposes of probing your 
understanding of S N 2 reactions, using them shoyvs if you understand yvhat is happening. The deuterium isotope of 
hydrogen reacts similarly to the proton isotope, but there arc experimental methods which allow us to observe 
where a reaction took place <c.g. NMR). 

Sodium borohydridc and lithium aluminum hydndc (LAH) - 4 equivalents of hydride per anion 


\e 

•*i 


The hydride salt* arc 
way more common. 


II 


.Al¬ 


ii N* 
Aldrich. 2012 
$312/ 100 grams 
MW = 37.8 g'mol 


A 

Aldrich. 2012 
SI 20/100 grants 
MW = 38 g'mol 


U 

°i' 


The dciilcridc tails are 
nay more expensive. 


Na w 
Aldrich. 2012 
S254 / 5 grams 
MW = 41.8 g'mol 


D 

\» 

. Al-D 

* 

Aldrich. 2012 
SI25/5 grams 
MW = 42 g/mol 


All these reagents will undergo Sn 2 reactions at RX centers. Because there is a greater difference in 
electronegativity between aluminum and hydrogen than boron and hydrogen. LAH is more reactive than sodium 
borohydridc. This won't be important for us to know until we study carbonyl reactions. 
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Problem 9 - Write an arrow pushing mechanism for the following reaction. 



Problem 10 - It is hard to tell where the hydnde was introduced since there are usually so many other hydrogens in 
organic molecules. Where could have X have been in the reactant molecule? Ilicrc are no obvious clues. Which 
position(s) for X would likely be more reactive with the hydride reagent? Could we tell where X was if we used 
LiAlD 4 ? 

{*: 

LAH ' "V"' 



Where was' 



E2 Reactions Compete with S\2 Reactions 

E2 reactions also occur at the backside relative to the leaving group, but at Cp-H instead of C«-X. The C^-H 
proton has to be anti to the C u -X to allow for parallel overlap of the 2p orbitals that form the new pi bond. This 
allows elimination to occur in a concerted manner. The syn conformation also has parallel overlap of 2p orbitals, 
but is present in less than 1% due to an eclipsed conformation (staggered conformations > 99%). 

E2 Potential Energy vs. Progress of Reaction Diagram (= concerted, energy picture looks very similar to Sn2) 




PE 

potential 

energy 


lower 
(more 
stable I 


1:2 mechanism depends on 
steric factors and basicity of 
the election pair donor. More 
steric hindrance and more basic 
favors E2 over S N 2 


reactants 


Transition stale • requires parallel overlap 
of the two 2 p orbitals forming the pi bond. 


Hus is 


when CVH is anti lo C, -X. 



transition state 


ACi - -2.3RT logtK^) 


H 




: B>: 


If stereochemical priority is R| > R; 
and R, > R 4 then this would be / 
configuration, which is fixed by the 
requirement tor anti C t -H / C„-X 
chitiinaliiin. 


products 


FOR - progress of reaction - shows how PE changes as reaction proceeds 

Keeping Track of the (j Hydrogens in E2 reactions 
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At least one C|i position, with a hydrogen atom, is necessary for an E2 reaction to occur. In more complicated 
systems there may be several different types of hydrogen atoms on different C, positions. In li2 reactions there can 
be anywhere from one to three Cp carbons, and each Cp carbon can have zero to three hydrogen atoms. 



zero Cp positions 
unique methyl, 
only S n 2 possible 


one Cp position 
1° RX. usually S N 2 > F.2 
(except with t-butoxide) 


two Cp positions 
<2° RX. S n 2 ! E2 
both competitive) 


thiee C„ positions 
(3“ RX. only F.2) 


With proper rotations, each Cp-H may potentially be able to assume an anti conformation necessary for an E2 
reaction to occur. There arc a lot of details to keep track of and you must be systematic in your approach to 
consider all possibilities. Using one of these two perspectives may help your analysis of I£2 reactions Let's 
consider a moderately complicated example (next problem). 


H 




vertical perspective 

Cp-H / C„-X 

_ ? 


B 




horaonial perspective 


Cp-H / C„-X 


Either sketch w ill work for every| 
possibility above. IF you fill ui 
t lie blank positions correctly. 




\ 

,.C 1( —X 


/ 


Problem 11 - How many total hydrogen atoms arc on Cp carbons in the given RX compound? How many dif ferent 
types of hydrogen atoms arc on Cp carbons (a little tricky)? How many different products arc possible? Hint - Be 
careful of the simple CH:. The two hydrogen atoms appear equivalent, but E ; Z (cis'trans) possibilities are often 
present. (Sec below for relative expected amounts of the E2 products.) 



R-0? / R-OH 

N a®/ 

_* 9 

• 

Redraw structure to explicitly show all 
of the Cp hydrogen atoms. Notice the 
base* nucleophile is strong, so S N 2 or E2 
reaction aie considered. The RX paiiern is 
icitiaiy. «i no S N 2 is possible. There are 
iliree Cp caition atoms and all of them 
have hydrogen atoms on tliem. That leaves 
E 2 reaction as live only possible choice. 


CH, 


II- 


h.c 


V 


—H 

02 H 


/ 


H—Cp,-C„-C B ',-H 

h,c" ch = i ^ 


There are two chiral centers, C u and 
Cp|. that make this structure more 
complicated than we arc treating it 
Possible stereoisomer are RR. RS. 
SR and SS. 


Stability of pi bonds 

In elimination reactions, more substituted alkcncs are normally formed in greater amounts. Greater substitution 
of carbon groups in place of hydrogen atoms at alkcnc carbons (and alkyne carbon atoms too) translates into greater 
stability (lower potential energy). Alkcnc substitution patterns arc shown below. There are three types of 
disubstituted alkcncs and their relative stabilities arc usually as follows: gcminal * cis < trans. 
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Relative stabilities of substitut'd alkencs. 


H 


I 


H ll 


II 


‘ unsubstituted" 


2 

’mono” 


f . 

: % c=c < c=c < c=c - 

\t (/ \ 1/ )g></ A \« 


\ /®X /®\ f®X /®x /®x f\ . 

/■\' / W X' c=c * c=c < e=c < c=c < c=c 


3 

"di-cis" 


"di-gcminal" "di-trans" 


7 

"tctra M 


The more substituted alkenes are usually more stable than less substitued alkencs. Substitution 
here, means an ($) group for a hydrogen atom at one of the four bonding positions of the alkcne. 


1 = unsubstituted alkenc (ethene is unique) 

2 = nionosubstituted alkene 

3 = cis disubstituted alkcne 

4 = geminal disubstituted alkene 

5 = trans disubstituted alkene 

6 = tnsubstituted alkcne 

7 = tetrasuhstituted alkene 


Saytzcffs rule: More stable alkencs tend 
to form faster (because of lower E a ) in 
dchydrohalogcnation reactions (E2 and El). 
They tend to be the ma jor alkcne product, 
though typically a little of every alkene 
product possible is obtained. 


Possible explanations for greater stability with greater substitution of the pi bond 

A fairly simple-minded explanation (the one we will use) for the relative alkcne stabilities is provided by 
considering the greater electronegativity of an sp' orbital over an sp orbital. An alkyl group (R-^) inductively 
donates electron density better than a simple hydrogen. From the point of view of a more electronegative sp‘ 
alkcne carbon, it is better to be connected to an electron donating alkyl carbon group than a simple hydrogen atom. 
The more R groups at the four sp‘ positions of a double bond, the better. However, be aware that other features, 
such as stcric effects or resonance effects, can reverse expected orders of stability. 



/ \ 


...inductively donating "R" substituent 
is more stable than unsubstituted "H”... 



Problem 12 - Reconsider the elimination products expected in problem 1 and identify the ones that you now expect 
to be the major and minor products. How would an absolute configuration of C„ as R. compare to C n as S? What 
about C|n as R versus S? 


CH, 


H-I^H 

HjC c (? 11 


II 


/ 


II,C 


/ 

-ch 2 


11 


I * 1 


—Ca-Clll- 11 


i \ 


R-O: / R-OH 

Na« 


11 


• - chiral center 


H 


H,"V—- 7 ^ 


? Contpaie 


(3S,4R)-3-bromo-3,4-diniethylhep«ane 
(3S.4S)-3-bromo-3,4-dimethy (heptane 
(3R.4R>-3-biomo-3.4-dimethylhcptanc 
(3R.4 S>-3-bromo-3.4-dimethy llieptane 


C’H'Cll 


II,C 


one of youi possibilities 
(which one?) 
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Problem 13 -Provide an explanation for any unexpected deviations from our general rule for alkcnc stabilities 
above. A more negative potential energy is more stable. 



AH°r = -18.7 kcal'mole 


AH°( = -22.7 kcal'mole 


AH° r = -19.97 kcal'mole 


Problem 14 - Order the stabilities of the alkyncs below (1 = most stable). Provide a possible explanation. 


H- C = C -H R-C=C-H R-C=C-R 


"R M = a simple alkyl group 

Problem 15 - Propose an explanation for the following table of data. Write out the expected products and state by 
which mechanism they formed. Nu: " .8: ~ = CH*CO> “ (a weak base, but good nucleophile). 


o' - 

11 C C : Br 

percent 

substitution 

percent 

elimination 

our rules 

s? 

100 % 

0 % 

S n 2>E2 

o' 

H 

H,C - C - Br 

100% 

0 % 

S n 2>E2 

>:. e 





■o'- 

H, \ H 

CM —^ Br 

11 % 

89% 



CHj 

a N- ’ 
(wrong 
prediction) 

o'- 

T* 





H,C - C - Br 

0 % 

100 % 

only F .2 


1 




• 

CH, 





Problem 16 - One of the following reactions produces over 90% Ss2 product and one of them produces about 85% 
E2 product in contrast to our general rules (ambiguity is organic chemistry’*s middle name). Match these results 
with the correct reaction and explain why they arc different. 
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Problem 17 - A stronger base (as measured by a higher pK 4 of its conjugate acid) tends to produce more relative 
amounts of E2 compared to Sn 2. relative to a second ( weaker) base nucleophile. Greater substitution at C u and Cp 
also increases the proportion of E2 product, because the greater stcric hindrance slows down the competing S N 2 
reaction. Use this information to make predictions about which set of conditions in each part would produce 
relatively more elimination product. Briefly, explain your reasoning. Write out all expected elimination products. 
Arc there any examples below where one reaction (S N 2 or E2) would completely dominate? 





e 

: N=C : 

...versus... 

pK<NCH) = 9 
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Problem 18 - (2R.3S)-2-bromo-3-dcutcriobutanc when reacted with potassium cthoxidc produces 
cis-2-butcnc having deuterium and trans-2-butcnc not having deuterium. The diastcreomcr 
(2R.3R)-2-bromo-3-dcutcriobutanc under the same conditions produces cis-2-butcnc not having deuterium and 
trans-2-butcne having deuterium present, hxplam these observations by drawing the correct 3D structures, rotating 
to the proper conformation for elimination and showing an arrow pushing mechanism leading to the observed 
products. (Protium = H and deuterium = D; H and D are isotopes. 'Ihcir chemistries arc similar, but we can tell 
them apart.) 



(2R,3S> 


cis- 2 -butcnc 
(D present) 

and 

trans- 2 -butene 
(no D present) 



(2R.3R) 


cis- 2 -butcnc 
(no D present) 

and 

trans- 2 -butene 
(D present) 





'Mb 


Problem 19 - Draw a New man projection of the two possible conformations leading to l£2 reaction. Show how the 
orientation of the substituents about the newly formed alkcnc compares. 


B: 

anti F.2 
reaction 
staggered 


reactant conformation I 

folate about | 

center bond < 1 % f I > 99% 



syn F.2 

reaction 

eclipsed 

© 

B: 



reactant conformation 2 


N csv man 
projections 



alkcnc stereochemistry? 



alkcnc stereochemistry? 
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Alkyne synthesis (via two I£2 reactions with RBr : and .\aNR2, two times) 

Sample alkyncs using double l£2 reactions of 1. RBr> + NaNR : 2. Workup (neutralize mixture) 



Possible steps in mechanism (H2 twice then 2. acid-base or 2. RX electrophile) 




(2 equivalents) 

1 Na® NR, 
sodium amide 
(very strung bate) 
E2 twice 
2 . workup 


Use stenc bulk ami or extreme 
basicity to drive E2 > S N 2. 


ami 




radical 

substitution 


12 equivalents) 


1 . 


Na 


NR, 


sodium amide 
(very strung base) 
E2 twice 
2 . workup 


Br 



(2 equivalents) 

Br i 

hv 


tree radical 
substitution 




(2 equivalents) 

1 Na® % 
sodium amide 
(very strong base) 
E2 twice 
2 . workup 


Hr 



(2 equivalents) 
hv 


tree radical 
substitution 
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Sample alkyncs using S*2 reactions of I. Terminal alkyne + NaNR : 2. S>.2 only at methyl or primary R-X (can do 
this twice starting with cthync) 


new 

bom! 



new 

boot! 



new 

Kind 



new 

bond 



, « e 

1. Na NR> 
sodium amide 

(very strong base) 
(I equivalent I 
acid / baxe 

2. H*C-Br 

S n 2 > E2 


1. Na NR : 

sodium amide 
(very strong have! 
(1 equivalent! 
acid / base 



S„2 :■ E2 



Terminal acctyltdcs an; OK 
niKleophilcs al mclhyl and 1" RX. 
bul E2 > S*2 al 2 U RX and only E2 
at}" RX. 



I equivalent 

I. RNH e Naf 
RNH, 



(4C = 2C + 2C) 

tcnninal alkyne 
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I equivalent 

I RMH 8 Na* 
RNHj 
acidhase 



(6C = 4C ♦ 2C) 
temiinal alkyne 



I equivalent 

I. RNH e Na* 
RNH, 
aeidbase 


' N-P . . 


1. excess NuN'RH 

2. workup (neutralize) 

(zipper reaction) 
like tautomers 


(6C = 3C ♦ 3C) 
internal alkyne 


terminal acctylidcs (S\2 only at methyl RX and I" RX> larger alkyncs 



HjC——Br: 
Na ; 

nucleophile - ? „ c - (:H , 

electrophile - ? 


HiC-C = 


V 

Hjt-C‘II 3 
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Problem 20 - What arc the possible products of the following reactions? What is the major product(s) and what is the 
minor product(s)? There arc 55 possible combinations. 
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Reaction Templates - sideways and vortical perspectives (either om »ill work! 

S n 2/E2 (Nu: S / B: ) always backside for S N 2 and usually ami C a -H/Cp-X attack for E2 
S\I/EI (ll-.Nu: / H-B:) - attack from either face of R" for both reactions (S N 1 and El) 


ioc iyctt of h vdroyyn 
I! - protium (protonl 
I) • dmtenum 
T ” tritium 




Hi 


Ha—cr 

\ 


iC 2 H 6 


C.,—Bf. 


7 ' 

H— 




(2R.3R) 


;h 3 

vertical view 


H 


H, 


H 


h/ c ii/ 'CM 


K 

: Br: 


(2S.3R) 


side view 
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Examples - you can use the vertical views or side views presented above. (Never ending supply of problems.) 


t' 



i 'V' 1 







2-bnxsx>-3 dcuic r inbuune 
(R.RI 
(S.S| 

<R.S| 


2 -hromo- .X. methy IKitaoe 



2 -hromu-3 -dtutmcpjnuiic 

3-bicono-2-d:ulcncpvnunc 

2-bfunu»3-nethy Ipgrtane 

3-brocno-2*methylpcntane 

J/l 

<R.R) 

IR.R) 

(R.RI 


A 

(S.S| 

(S_S) 

(S.S) 

(RorS) 

A 

<R.S| 

IR.S) 

(R.Si 

* 

tS.R) 

(S.R) 

(S.Rt 



2 -hrwiu>.}-dcutenohcva 


3*hronta>*2-dcutcr>ohc\ak: 2-F*\Mi>o-J*me<hylhe\ar>e 3-hromo-2-mcthylhexanc 


<R.Rl 

(R.RI 

(R.R) 


<S.S| 

«s.s> 

(S5) 

(RorSl 

<R.S| 

(R.S| 

(R5) 

(S.R) 

(S.Rt 

<SR) 



3-hninu>-4-dcutcrKihcx 


3*hromo>4-methy lh:xanc 


^■bciin»-.l-ilculcixihcplanc 5-ta*no.2-d:ulenoh:punc 2-hromo-.i.mdhylh:|Xi<ic »-t™>o.2-rof<hylhcplimc 


<Roi S) 


(R.RI 

(R.R) 

(R.RI 

(S.S( 

IS S) 

(S.S> 

(R.S| 

|R S> 

(R.Si 

(S.R| 

IS.R) 

(S.Ri 



S n 2.E2 


NT 

%—H 


.<• bcnnu>-l -ilculcrkihqttane 4-tmmo? d-’ulcniohcpunc J-bfDmo-l-iiKlhylhcpUne 4-hronu>-.<-mcthylb:pUiu.< 


:u—R 


(R.RI 

(R.R) 

(R.R> 

(R.R( 

(S.S( 

(S.S> 

|S.S) 

(S.S( 

(R.SI 

(R.S) 

(R.S) 

(R.S) 

(S.R) 

IS.R) 

(S.R) 

(S.Rl 


hydroxide alloxidci polll4liom ,.| Mrtox i dc coiboxybtcs 


-.S—II 

• • 

hydrogen sulfide 
(thiofate) 

I buy | 


phth&limidiie 
( 2 A im>date) 
<mikc| 




cely tides 
(nuke) 




ketone enokites 
(mike) 


ctfer epilates 
make) 


S N I El 

II—Nu; 

II—B : 


✓N. 

nlcohnU 


sedium 

bctfohy&idc 


1 lithium 
aluminium 
hydride 


Ar" 

carboxylic uckI 


—^ concerted rcxtions lone step) 

Sn 2 - ifaays baAxidc auck 

(inversion of configuraion) 
E2 - anti CV-H fC*X clinunawn 
(forms pi bot*fe) 


form carbocutKin < R ‘ l in firn step. 

R \uc* thxcc common climcc* 

1. r airrai^c to similar or more mi hie R 

2 . add nucleophile itnpboetnm) 

3. lose any beta prooon itop bottom I 
(forms pi bond*) 


y:iilct cl«ie*\$l$3l5 Haidoutf.M5 Fall 20133 315 $N aid fc & eboncaiaOgxfo: 









Nucleophilic Substitution & Elimination Chemistiy 


Beauchamp 


27 


Strong basonuclcophilc conditions (negative charge 
mechanisms. 

methyl pattern 



rcietioA 

CiinditKim 

Sn2 


S 



There is no E2 at methyl RX 


in our course) leads to S*2 and or H2 reactions. Simple 


Hr: 


Nu :* 


a 
“7 

IS^R 


0 

except l-butoxide and R ; N 


H 

\ 


Cj-iiid 

roiction 

conditKim 

Nu- c{ ' V, 'h 

S N 2 

i" H 


IK.2R 


a - anli II D 

1S.2R 1,"°^ " 


reje uon 
cunditKim 

E2 


a-Z = 


|CH. 


b - anti I> ch, 

V.C —Hi I 




IS.2R 


It'" 




CH, 

»> b-E ?^H 

reunion Cf; 

condinom // 

W C a 


E2 « f 


i. 



..6 

Hr: 


£2 > S*2 when t.hutoxuie and R : N e 
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Kxamplc Mechanisms shown below. 


v 

6 i X ? ✓ 

/ iY 1 

N? 

e 

-.0—H 


1 . strong Nu® B: e 

'K-l<uims-SiliiiiLTKi)icA.iiic 

*ccondM> RX (2°i 

One S\2 product and four I£2 products. 

2. 2* R-X 



M 

/'> D 

H 3 _C ^ 


CH, M.C, 


I2SJR) 


d. c 




I ^CMDCH, 


h/ ''CHjCHj (2E - 

only c*w S *2 product 


i <> CH,CM,CH ! 

h . 

with *D'| H. 


$ 


(*E, lost Hj 


CH» 


four fttttibtc E 2 products 


V 


£ ^CMyCH/CHj 

H 


<2Z. w ithout -IT) 


C 1 ^CMDCHj 

t 

<3Z.k»st 
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Important acid base reactions arc shown on pages 15-19. When necessary for a preliminary step of a reaction, you 
should consult those pages. Some of the strong hasc/nuclcophilcs used in our course arc listed below along with 
the usual preferred reactions according to our simplistic rules. Cuprates will be discussed later. Missing arc 
cnolatcs. imidatcs. magnesium and lithium organomctallics and a few others. 


. R-Br 

'\ccmpHmcb 

strong n.. 
I»to'ru:kxpliilci 

>r/ 

methyl RBr 

H, 

• • 

primaiy RBr 

R 

1 

R^ "Hr 
• • 

secondary RBr 

R 

R/ ^Br" 

• • 

tcniaiy RBr 

Jo;© 
ii * nj 

ll><lra\i(b 

only Sn 2 
mCj^l 

Sn2>E2 

E2>Sn2 

ux> Iasi: 

only E2 

loo stoically liindcicd 

O'-V 

alko\*ks 


Sn2>R2 

R2>Sn 2 
too basic 

only E2 

too sicrkxJly h inderod 

•'o'* 

carhoxyfcncs' 

only Sn 2 
noq r H 

Sn2>R2 

Sn2>E2 

only E2 

too stoically hiixbral 

^ °. 
ptof»ium t-Outo»ckJc 

only Sn 2 
noCp-H 

E2>S n 2 

tcx> Ixkic and 
surically hinefcred 

E2>Sn2 

tcx> tasic aixl 
stcrically luixlcicd 

only E2 

too stoical ly hiixbn.il 

in 

only Sn2 

loCp-H 

Sn2>R2 

Sn2>E2 

only E2 

too sari ad ly hindered 

» , 

1 V Nil® 

liydrugcn suirkk- 

only Sn2 

>»CpH 

S n 2>F2 

S n 2>E2 

only K2 

Ux* stoically hindeted 

n ® 

alkyl ihioknc 

only Sn 2 

Sn2>R2 

Sn2>E2 

only E2 

text slax-ally hintbrctl 

• cyanxk: 

only Sn 2 

roCn-H 

Sn2>E2 

Sn2>E2 

only E2 

ux> slcrbally himfcnxl 

lamina) axtylxts 

only Sn 2 

roC ^H 

Sn2>R2 

F2>Sn2 

too basic 

only E2 

text stcixolly h inlcnxl 

I) 

0-^-0 

D 

lithium aluminium 
dcutoifcOMlrkb) 

only S^2 
i»C )r H 

Sn2>E2 

Sn2>E2 

ixH discussed 
in ourcourse 
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n. R-Br 

compounds 

strong 

base nucleophiles 

>;• 
methyl RBr 

primary RBr 

R 

(H 

R^ N *Br’ 

•• •• 

secondary RBr 

R 

"xl 

R^ ' Ss ‘Br* 

*• •* 

tertiary RBr 

• • 

•o' 

NiP 

enolates 

only S n 2 
no Cp-H 

S n 2 > E2 

S n 2 > E2 

only E 2 

too stcrically hindered 

Wt 

only S n 2 
no Cjj-H 

S n 2 > E2 

S n 2 > E2 

only E2 

too stoically hindered 

Ph 

\ .. make 

S sulfur 
/ •• ylids 

Ph 

only S n 2 

no Cp-H 

S n 2 > E2 

S n 2 > E2 

only E 2 

too sterkally hindered 

Ph 

Ph / ! make 
/ phosphorous 
Ph ylids 

only S n 2 
no Cp-H 

S n 2 > E2 

S n 2 > E2 

only E 2 

too stcrically hindered 

cuprates 

(covered in later topic) 

only S n 2 
no Cp-H 

S n 2 > E2 

S n 2 > E2 

only E 2 

too stcrically hindered 

9 & 

R: (MgBD * 

Grignard reagents 
(covered in later topic) 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

© © 

R: Li 
organolithium 
reagents 

(covered xn later topic) 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

Ph " 

\ ° 

© S-OH, 

/ ” ‘ 

Ph sulfur ylids 

(covered xn later ti^xic) 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

phosphorous 
Pl ' @ ylids e 

Ph— 7 P-OH, 

PIT 

(covered xn later tupic) 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 

react with 
aldehydes 
and ketones 
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S s 2/E2 and S N 1/HI reactions look very similar overall, but there are some key differences. In S s 2« H2 reactions 
the nuclcophdebase is a strong electron pair donor (negative charge in our course), which is why they participate in 
the slow step of the reaction and force a concerted, one-step reaction. In SnI/EI reactions the nucleophile/basc is a 
weak electron pair donor (stable, neutral molecules: H:0, ROH and RC():H for us) and that's why they don't 
participate in the slow step of the reaction, which is ionization of the C a -X bond. This leads to differences in 
reaction mechanisms, which show up in the rate law expression (kinetics is bimolccular = 2 or unimolccular = 1 ). 
The rate of "1" reactions only depends on how fast RX forms a carbocation. The unimolccular reactions lead to 
possible side reactions from carbocation rearrangements. You need to carefully look at the reaction conditions to 
decide what mechanisms arc possible. You cut you choices in half when you decide that the electron pair donor is 
strong (negatively charged = Sn 2/E2) or weak (neutral = SnI/EI). 




I he¬ 


ll 


weak 

n uc leophilbase 
(neutral in our course) 


• • 

: x : 

A 

X-CLBr.l 

S^l/El 

reactions 

,A 1 "* 

A 

Sv.1 product 
(major) 

Rate-k^,[RX] 

/A 

fcl prod ucl 
(minur) 

Rate - kf i |RX) 

: X: 

A 

S n 2E2 

reactions 

•A"’ 

X 

ah 

X-CI. Br. 1 


S \2 piuducl 

fc 2 product 


(minor) 

Rate-k iN; |RX][C»l,0: G ] 

(irajor) 

Rate - k t _. [RX 1(01,0:® J 


strung 

nuclcophil Ki>c 
(negatively charged 
in our course ! 


S s l and HI reactions begin the same way. with ionization of the C a -X bond to form a carbocation. Ion formation 
is energetically expensive. Protic solvents help by being able to solvate both cations and anions. C'arbocations also 
need some help from inductive and’or resonance effects. If it can form, the initial carbocation intermediate typically 
follows one of three common paths: 1 . addition of a weak nucleophile at carbon and'or 2. loss of a beta hydrogen to 
form a pi bond and or 3. rearrangement to a similar or more stable carbocation. Rearrangement merely delays the 
ultimate reaction products: addition of a nucleophile or loss of a beta hydrogen atom to forma pi bond. 


S* 1 and F.l reactions arc multistcp reactions. (H-Nu: / H*B: H>0, ROH. RCO^H in our course) 


pi'- c - 
/ i "t 

H R, 


R A 


II-B: 

•Nu-H 

weak 

weak 

base 

nucleophile 


S N 1 jikI El ructions 
begin exaeily Ihe same 
way. Tlvc leaving group. 
X. leaves on its own. 
forming a carbocation. 


X: 


R 4 


/ 

H 


i 0 




ov 


The R-X bond 
ionizes with help 
from tlie polar, protic 
solvent, which is also 
usually the weak 
nucleophile/base. 


solvated 
carbocation 
has to be 2° or 5" 
in our course 
(3 reaction choices) 


I I_f S j u; addition of a weak 

nucleophile <S N I 
type reaction) 


H- 




Loss of a beta hydrogen 
atom. (C b -H in most El 
reaetrons that we study). 


rearrangement to a new 
carbocation of similar or 
greater siability 


uddNu:(S N l) 
lose beta H (El) 
rearrange ? 


* 

next page 
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S* I approach i» from 
solvated carbocation 1* ">P >* 


(from previous page) the bottom face. 


><• n ® 

/ 0 \ 


either tin.* top face or ( ^ 

the bottom face. d .. u D 

Nu-H R. m,,; 

Raeemization is; possible r,^ ^ / w I «, -? / 

(ifobservable). V,_ </ ^ _ J 

\ ^ / t> - / t> 

:Nu -H Often a final ,, 


:Nu-H 

’ 

weak 

nucleophile 


proton transfer C “ c " uld h -Nu—H 

is necessary. be R or S 

R a r : R, R' 

■ R, <| _ C ’> K ‘ «>v* •>“' 

,»«- H rf W 


redrawn 


^---H S N 


:B-H - :Nu-H - H ; 0 or ROM or RCOjH 


S N I product (a nucleophile 
substitutes fora leaving group) 


'« solvated 

El approach comes ' cartmcation 

from parallel C^-H with _ 

either lobe of 2p orbital. - O El 

anti or syn is possible -'V/L X.«"" ‘ _ 


:C,,=C:," 


same Cp-H H-B: 

shown on weak 

both faces base 

(top and II_jj. 

bo,,om > n».t 


7»T^ v 0,5=2. A ^ H-B-H 

|/\J 0 R. El products ^ P 

w (pi bond forms) x 

II-II:_ ' F- >" Z is possible. "Z" if R, > R, and R, > R 4 


«eak 1 1 rotate I SO" arouivd C„-C p bond. 

r can lose any beta H. top or bottom 

l- 

weak » 3, 

^ R >=<f 

R C r H “* iaC * Rj F,produ> 

^4 ^ 1 (pi bond forms) 

EorZb possible. 


;c«=c-: 


*E“ if R, > R, and R, > R 4 


Q . y stable a 

leaving II- h—H 

group 


S - substitution E - elimination H-Nu: - weak nucleophile H-B: - weak base X - leaving group 
Terms 1 unimolecular kinetics (first order reaction, the rate in the slow step depends only mi RX) 

R-X - R-CL R-Br. R.|, R-OTs, ROH ; * 

••Nu-H - II-B: - usually a polar, protic solvent (or mixture) of H : 0. ROM or RC*0 : H 


.ft rate (viewer) 


S K I rate (faster) 


RatcS^l -k^RBr) 1 (I0) M*T 

Rate 1:1 - kfilKBr] 1 _ 


- nor 


Say E,(S N ) - 13 kcaLmol and EJE) - 14.6 kcal nwl 


... , . -nt UM to 

fcl products w _ , - - - 

Ssl Pr^ucu - (10) 2JRT - (10) U - (10) 13 - to 1 -'- -g- 


Progrevs of reaction (POR) - 
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S* I (and EI > rdalhc rcsktivit ks of K-X carpcun^K-X 


rcfcilkc 

nilcs 


H^ X 

methyl 

IO*=.0 

X 


X h 

pr'mry<l'> 

i<r'*o. 


tlicsc two roles an.* 
pn>txihly by S*2 raxlkin 


autxxakxi 

iiilemxxlkic 




K-Nu 



-xcaxfcry (2“) 

1.0 

rclercncc 

canptxnJ 


ell, 



tertiary (3°) 
l&- IJIKUIX) 


\N»U11 INii/1 Di an: 
weak mJa^Yiik?. 

»¥> 

Rdf 

uay i 


I he order of stability at the electron deficient carbocation carbon is methyl « primary « secondary < tertiary. 
This is consistent with our understanding of inductive electron donating ability of alkyl groups compared to 
hydrogen. R groups (alkyl groups) arc electron donating (an inductive effect). We observed, previously, that this 
helps alkcne stability and makes it harder to form an anionic conjugate base in acid'basc chemistry. A carbocation 
is extremely electron deficient (the opposite of a carhamon) and is very electronegative. Iixtra electron donation to 
a carbocation center proves very helpful. This can occur through an inductive effect or a resonance effect. 

Inductive effects arc proposed to occur via polarizations of sigma bonds in the organic skeleton, helping (or 
hurting) a center of reactivity. We can represent these in a carbocation center, simplistically. as shown below. 
Hypcrconjugation is an alternative explanation to rationalize how extra electron density can be donated to the 
electron deficient carbocation carbon, but we will not use it in our course. 



Sigma eke Iron* are pulled tmvan! the carbocation 
carbon. Part of the 6 * is distributed on to the 
hydrogen atoms, but not typically shown with 
formal charge. 


Additional sigma bonds of alkyl subslitucnl(s) allow 
further polarizations of electrons from more bonds 
(itxluclive donating cllcclh which spreads out 
charge through sigma Kind polarizations and helps 
stabilize the electron delkrient carbocation carbon. 


Resonance effects also make carbocations more stable. Ally lie and bcnzylic RX compounds arc very reactive 
in S n 1/E1 reactions (and S s 2 reactions). With resonance, there is actually full “pi electron" donation from an 
adjacent pi bond, instead of the inductive effect just mentioned above. An adjacent pi bond tends to produce 
greater stabilization of a carbocation than a single alkyl substituent. Resonance donation from lone pairs of 
hctcroatoms can also he strongly stabilizing for carbocations. We will see such intermediates many times in later 
chapters. 
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Resonance effects help stabilize carboeations. 


„ X C=c 

C X ' 


(\ . 

A-II 

strong 

acid 


fc=c 


resonance from adjacent pi bond 


^ J V rettinanec /J V 

ii—/ ii *« 

• V. 


^ Oi, 


resonance from adjacent lone pair 


H A R 

* \ 


/^\ — / o\ 


Cias phase Stabilities as Indicated by Hydride AtTmitics 


Hydride affinity is the energy released when a hydride is added to a carbocation (gas phase reaction). Ihe 
energy of reaction, AH, is very negative because the two reactive species (carbocation and hydride) arc very 
unstable and the product formed is a stable molecule. How much do inductive and resonance effects help a 
carbocation center? The following gas phase data below show the differences in carbocation stability are 
enormous. In fact, differences arc so large that we will almost never propose methyl or primary carbocation 
possibilities as reaction pathways in our course. We will consider these two patterns (CHj-X and RCH^-X) as 
unrcactivc in S^l and El chemistry*, and that should make your life a little bit easier. 


I lv driik H; 
Affinity _ 


A larger hydride 
atlimty means a lew 
stable carbocation. 


All - energy released - Q 


Potential 

Energy 


Inductive effects 


methyl Sc primary secondary 


■515 I HiC 


CII«CII ? .277 


We will not propose 
these carbocatsons in 
solution in this book. 


tertiary* 

Cllj 


"C r resonance 


M -249 llaC-COi -232 


MfizCll -CH 2 256 I II—O—Cite -24S 


iN—?ll 


I *246 


Some of these values arc 
esiiimated from difVcrcnt 
sets of data. 



■nance effects vcr > - “liable 

jdixcnl lone pan ( 

*X* resonance "her nine. 

« ( tm r*y sp 

•256 ll-O-CII; -248 orbital 

A # 

ll-< =CO -3K6 

.2J9 • 21 K I cthvnyl carbocation 

(see problem below) 
cm P«y 2 p 

•229 n-C-Ob .230 H 

II -2S7 

. 0 

*220 vinyl carbocation 

(see problem below) 

r H» 2 

' orbital 


l:()=C—CII 3 -230 


phenyl carbocation 
(see problem below) 
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Problem 21 - Explain the differences in stability among the following carbocations (hydride affinities). 

All relative energy value* in kcalnxile versus a primary catbocalum. A positive value is less stable anil a negative value is more stable 
relative to our reference primary carboeaticm. 


re In live lo our reference 

primary carbocation. 

CH; 

CH, "i C \ / c »= 

H V" 

J 

l 

H; 

11,0^*^111 

A = A-U 

A ~ -21 

A -.38 

"* 270 

24M 

212 

nicthyl R reference 
v 1* R’ 

v 

VR m 



A--14 A~-31 

236 :.w 

l u dUyb» R* l°bcnx)lxR 4 


Too unstable to propose >«iucnve eiteet stawn/aiion r* — — - - 

m our course. of carbocations (3° > 2° R ) 

A more negative Aha more stable caritocation. 


A--22 A--52 A--10 
k 24* 21* 230 > 


lone pan resonance stabilization of R 


Problem 22 - Why arc vinyl carbocations so difficult lo form? (Hint What is their hybridization?) How docs an 
empty sp‘ orbital (phenyl carbocation) or empty sp orbital (cthynyl carbocation) compare to a typical sp‘ 
carbocation caibon with an empty 2p oibital? (An empty 2p orbital is also present on the vinyl carbocation, but the 
caibon hybridization is sp.) 

Problem 23 - The bond energy depends on charge effects in the anions too. Can you explain the differences in 
bond energies below? (Hint: Where is the charge more delocalized?) We won't emphasize these differences. 

f-u X = Gas Phase B.E. 


HiC—C—X 


+ 157 
+ 149 
+ 140 


The activation energies for ionization in solvents arc on the order of 20-30 kcal/molc (S N 1 and El 
reactions) It is clear from the difference in the gas phase energies of ionization that the solvent is the most 
stabilizing factor in ion formation. The magnitudes of these energies arc compared in the potential energy diagram 
below. Because solvent structure is so complex we ignore it. but we do so at our own peril. 



Many small solvent'ion interactions make up for a single, 
laige covalent bond (heterolylic cleavage). A typical 
hydrogen bond is about 5-7 kcal mole and typical covalent 
bonds aie about 50-100 kcal/mole. In a sense the polar protic 
solvent helps to pull the C„-X bond apart. The "polahzed" 
protons tug on the *X* end and the lone pairs of the solvent 
molecules tug on the “C a " end. If the carbocation is stable 
enough, the bond will he bioken. 


Carbocations are more stable and hav e smaller energy 
differences in solution than the gas phase. (But methyl 
and primary are still too unstable to form in solution 
and vve won't propose them in this book.) 


Solvent / ion interactions 
are the most significant 
factor (about 1 30 kcal'mole 
here). 


♦20-30 


gas phase reactions 


polar solvent phase reactions 
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Wc emphasize the term weak here because if the Nu: were strong (negative charge), the reactions observed 
would be S n 2''H2. Weak, for us. is represented by a neutral solvent molecule with a pair of electrons. For us. this 
will be a polar solvent molecule such as water <HOH). an alcohol (ROM) or a liquid carboxylic acid (RCO>H). All 
of these are protic solvents, which are reasonably good at solvating both cations and anions. In every ease, there is 
an extra hydrogen atom on the oxygen atom of a solvent molecule that must be removed in a final acid'basc 
reaction to produce the neutral organic product. This protonated cationic intermediate results from the addition of 
water (H:(). forms alcohols) or an alcohol (ROH, forms ethers) or a liquid carboxylic acid (RCO>H, forms esters). 


© 


© 


n 

R-X 



very reactive caibocation 
strong Lewis acid = S N 1 
strong Bronsted acid = EI 




: Nu-H 


weak nucleophile 
(...or weak base) 
(H,0. ROM or RCOjH) 


R-Nu—H 

\J 

cationic intemiediate 
requires proton transfer 
to form neutral product 


: Nu—II 

best base in 
acidic medium 
is usually anotchr 
solvent molecule 


I 


II-Nu ■ 11,0, forms alcohols- r -[sj u : 

H-Nu - ROM. forms ethers 

H-Nu = RCO,H. fomis esters substitution 

product 


II-Nu—H 

protonated 

solvent 


Weak electron pair donation in our course. 


Sfsjl/EI react kxis 

form caibocation (R 1 )in Hist step. 

R Ikis tl»w catum i deices 

1. itonnge to simiktr or mete stable R 1 

2. akl nucleophile tmcplxxiom <RS> 

3. kreany beta proton fnxn up lxxtoni (IvZ) 
(fanspi bonds) 


H-Nu: 


II-B ; 


•O' 



«:<er alcohols cartxxvylic 


Wc will view the attack on an sp' carbocation as equally accessible from either face (top or bottom). Because 
carbocations are flat (in our simplistic view), atiack is equally accessible from either face (top or bottom). 
The carbocation carbon, itself, is not chiral since it is sp* hybridized and only has three atoms attached to 
it. However, it is prochiral and can become chiral if the addition of a nucleophile brings in a fourth 
different group. This would lead to enantiomers, if this was the only chiral center. We are assuming that 
a 50/50 recemic mixture forms (in our course). It is also possible that there may be a stereogenic center 
somewhere else in the carbocation structure. Top and bottom attack would then lead to the formation of 
diastereomeric products. 
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minor 

plane 



achiral carbocaiion carbon with no 
other chiral centers in Rt. R? or R? 


top face attack 


R Nu 

r, -4-r 2 

Ri Tire new stcrcogenic center 
forms a racemic mixture 

.of enantiomers (assuming 

no other chiral centers 


bottom face attack 


Ri— 

Nu 


exist in the molecule) 
<dl) <+/-) 


R'S assumes pnonties Nu > RI > R2 > R3 


If all three attached groups at a carbocaiion carbon arc 
different from one another and the attacking nucleophile, 
then a racemic mixture of enantiomers will form. 


* Nu 

top face attack R 

1 V "R: The new stcrcogenic center 

Rl forms both R and S absolute 

configurations. If another 

. chiral center is present that 

does not change in tire reaction. 
R' then diastereomers will form. 

bottom face attack^ * _ ( f,T R s (RR)vs(RS). 

Nu 

If one or more chiral centers w ere present in the carbocaiion. 
tire top and bottom attack at the carbocaiion center would 
lead to diastereomers formed in unequal amounts. 

Problem 24 - Draw in all of the mechanistic steps in an S>jl reaction of 2R-bromobutanc with a. water, b. methanol 
and c. cthanoic acid. Add in necessary details (3D stereochemistry, curs ed arrows, lone pairs, formal charge). 
What arc the final products? 

Br 

Donate the carbonyl (OO) 
elections to the carbocation. 

SnI products will generally outcompctc El products, in our course. The only exception for us (presented 
later) will be when alcohols arc mixed with concentrated sulfuric acid at high temperatures to form alkcnes (the El 
product). 


a. 


h-'N, 


b. 

H,C II 


c. 


O 


H,C / 


H 



chiral branch in carbocaiion - * 
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Kegfling Track of the (g Hydrogens in El Reactions (more possibilities than H2 reactions) 

tl products arise from the same carbocatton intermediate formed in S N 1 reactions. Just as in I£2 reactions, we 
have to examine each type of Cp-H. In more complicated R-X molecules there may be several different types of 
hydrogen atoms on Cp positions. After all. there can be cither two or three Cp carbons with zero to three hydrogen 
atoms on each. We will only consider secondary and tertiary RX compounds below, since methyl and primary 
carbocations do not form (in our course). That still leaves a lot of possibilities. 



r R X hai sixCpposibof* ||Nu; _ RO „ RCO , H (wl ,i. jn inil coiincl 3- R-X his rune Opposition* 


HjC-X 

II—Nu; 

\ x -► No Rc&rlion 


in our course. 

methyl 

primary 


Kl Mechanism (unimolccular kinetics) loss of proton from anv adjacent CVII position, top or bottom 

-H 


\ 

r 4 


•c,—Q 


R 


2 */, 




R 


identical loSpjl. 





R-« 


H K. B: a, 

O'- 

(IcesofCp-H) zifR l >R ; andR J >R 4 

I Rotate *oui 

the Qx-Cphnd $ 

li:'” \ $ B—II 

R ?' J 0 >Kj The second step 

1 is similar to E2 

(los> of Cp-H) 


: X 


('p-i I bond is pir.il Id to 
| lobe of empty 2 p orbital, 
top or bottom: al lews 
fo r m a t ion o f pi bon d 



: X 


The high reactivity (low stability) of carbocations forces some very quick choices to try and stabilize the 
situation. The carbocation needs two electrons to complete its octet (in a hurry!). There arc three ways it typically 
docs this. We have studied the two ultimate pathways. S N 1 and El reactions. 

The third possibility, rearrangements, is discussed next. Rearrangements arc a temporary solution for an 
unstable carbocation. Rearrangements transfer the unstable carbocation site to a new position having a similar 
energy or. better yet. to a site where the positive charge is more stable. If such possibilities exist, this will very 
likely be one of the observed reaction pathways. However, even with a rearrangement a carbocation will not gain 
the two needed electrons. The electron deficiency is merely moved to a new position. Ihis process can occur a 
number of times before a carbocation encounters its ultimate fates, discussed above. SnI and El. 
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S N 1 /El possibilities -extra complications at C (1 positions. In this problem 2° RX. rearrangements arc NOT considered 
(HjO.ROH,RCO>H) 


fCS "I C' c 


II—O—II b R—O 
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curtxisylk: .lib 
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>= l V H; 

V'N-h 
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/ =C v * 
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„^rr 
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cn tep 
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"V 


/ ^ 


"S. / 




Maikov 


V-oIten: 
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S N 1 / El possibilities -extra complications at C,j positions. 2° RX, rearrangements NOT considered, with deuterium 
(makes it a little harder) 


E xamples olAveA nu cl eophi l e bases 

b R-O-li 

• • 

alcohols 


*0 • 


II-()-II 

• • 

water 



II 


carboxylic acids 


I2S.3R.4S) 


(2S.4S) 



‘7 I 
- ,liC \ 


IX IX 




1 

-► 


t 

carbocation 

choices 


add nuckphik (top'bottom) - S* 1 

lose(VII (top bottom) - El 

rearrangement to similar or 
more stable carbixation (R*) 

(start all over) 


El products from left Cp carbon atom (4 possible alKenes from the left Cp carbon) 


H>6: 

(2S.4S) 


parallel to 

\s\ rf „ cmplv 2 p otbital 

11 on £p_ 

if n 2 

rotate a bond 


(2S.4S1 


HsO:« 


II 4 , r D M parallel to 

HjC^ Q empty 2 p .rbiljl 

X- c ' y /* on bottom 


/J OV 


/V^ 

IT II, 


(2S.4S) 


! 


rotate a bond 


IU): 


GV 

U y\ c . -c.i. 


"H" parallel to 
empty 2 p orbital 
on top 


!!,( 


(2S.4S) 


D" H 2 
rotate a bond 




aJ OV 


"H” parallel to 
empty 2 p orbital 
on bottom 


/ N.— c,l » 

if II* 




.H 


>=< H 


III) ^<11. 

(4S) 


4S.2E-alkeoe 
without M D- 


II 




\ 

/ 


II 


-(* 


v- 

III) 

(4S> 


-C 


Vs CH* 


4S.2Z-alkenc 
without "D* 


»aT 


X 


II, 


III) 

|4S> 


Til, 


4S^Z-alkcne 
wilh "D" 


II,C- 


✓ \ 


»2 


III) 

(4S) 


'CIU 


4S.2E-alkenc 
wilh "D* 
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Redraw 11 mini 


El product* from ri^ht ( ^ carbon atom (4 possible alkenc* from 
% :OH 2 


U1C ic XI 




U V s 

H,C QSf/ 

" J / 

(2S.4S) ° 

II rotate o Ixiixl 
H ® 

v u 

<2S,4S) ^--:OH 2 

jl route a bund 


"H” parallel to 
empty 2 p orbital 
on top 


M H" parallel to 
empty 2 p orbital 
on bottom 



"D" parallel to 
empty 2 p ocbilal 
on top 


’IT parallel to 
empty 2 p orbital 
bottom 


Oil 


S\I product* (a. add from top and b. add from bottom| 

(2S,4S> 


: 01l 2 


HjC 

It/). 


I) 

\_9>"h 

:"4f A\/ 

IP ^ 

: Of \ 


">r 


H,C 


II 


\ J 

MIX'-C\ 

\._J!- 

(2S) 


/ \h, 


2S3E-alkene 
with "D* 


it r 11 

■ \ j 

V-D 

/ 


(2S) 


2S.3Zattene 
with 'I>* 


H,C 


Nil, 


H,C 


II 


\ _/ 

I )ll ^ 

N C-1! 

(2S) J 

HjC \ 

'i*i 


2S,3Z-aIkenc 
without M ir 


»3C 


II 

\_c-' 

,2S, y \ 

ir cii, 


2S,3l:«alkene 
without "D" 


■ :OH 


II 

v 


(2S.3R.4S) 


u /• A acid'bise H4‘ < .. 

proton transfer \ f 

mi HOC-N. “* nix--- 

C It) 

diastereomer* 


*CH, 


8" /p.. 

lljc*^* *N^ -Cn s c- ^.CH j 

9 I . jLid baJc 

✓ \ proton transfer 

11 ty« 


P" Dll 

He' v. C H, 

II; 

(2S.JS.4S) 


l 


II 
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As we have seen, carbocations have very large potential energy differences. These differences provide a large 
driving force to form more stable carbocations from less stable carbocations. in the range of *15-20 kcal/molc in 
the gas phase for 1" to 2° and 2° to 3 1 ’ choices. Rearrangements are a competitive pathway in any reaction where a 
carbocation is formed. A relatively simple example illustrates the necessity to be systematic in your approach to 
determine all of the varied possibilities. Consider the migration of every group on a Cp position, whether H or C. 
To keep our choices simpler (than they really are) we will only consider rearrangements of 2° to 3 and 3“ to 3° 
carbocations. 



looks very good 

rS 

S N 1 and El arc 
possible here 


looks OK 

rS 

S*1 and El arc 
possible here 


looks OK 

i I 1 

S v l and El arc 
possible here 


looks very poor 

We are not likely 
to observe this 
choice. 


Problem 25 - What arc the likely S s l and HI products of the initial carbocation and the rearranged carbocations 
from V, IT and V? 


Problem 26 - Write out your own mechanism for all reasonable products from the given R-X compound in water 
(2-halo-3-mcthylbutanc). 





The most competitive rearrangement above will be to form the more stable tertiary carbocation from the 
initially formed secondary carbocation. It is also likely that at least some of the initially formed carbocation will 
react by the Ssl and 1£ 1 choices. However, those may he minor products when a much more stable carbocation can 
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form by rearrangement. In the end. S N 1 and El possibilities arc the ultimate fates of even the most stable 
carbocation that can form. Our goal at this point is to understand how rearrangements occur and what SnI and El 
products arc possible. 

All groups on any Cp carbon can potentially migrate to the adjacent carbocation carbon (also called a 1,2 
shifts), if a similar or more stable carbocation can form. If hydrogen with its two electrons is the group migrating, 
the rearrangement is called a 1.2 hydride shift. If a carbon group migrates with its two electrons, the rearrangement 
if called a 1.2 alkyl shift. Hydnde and alkyl shifts can occur from further away than a Cp position or even between 
two positions in completely different molecules. However, these we will not emphasize such possibilities in our 
course. 


Transition state of a carbocation rearrangement 


H*C 


Nth. 


il 'em 





transition stale 
I no finite cxislarxc)" 
migrating gnxup is positioocsl 
between two vicinal carbon atoms 
(vicinity - neighbors. Latin) 



S*! ami LI are 



S*l ami El are 
possible b:rc 


II: 0 - hydride shill Thc mlglallns gropu a a | ttayi attached to 

. c .. .... the carbon skeleton: it is never a free anion. 
R:^-alkyl shift 


Two main rules will help guide you in evaluating possible rearrangements. 

1. Rearrangements usually occur so that thc migrating groups moves from a Cp atom to thc C„ atom ( the 
carbocation center). These arc thc 1.2 hydride or 1.2 alkyl shifts mentioned above. Ihc C p atom that gives up 
thc migrating group becomes thc new electron deficient carbocation center, often because it is a more stable 
carbocation site. 

2. If a 1 .2 shift of a hydrogen atom or an alkyl group can form a similar or more stable carbocation. then such a 

rearrangement is likely to be competitive with other reaction choices <SsI and El). When interpreting a 
reaction mechanism involving rearrangements, you may have to consider both equal (3° 3" R ) and more 

stable (2‘ 3° R*) carbocation possibilities. However in this book when you arc asked to predict what might 

he possible, you usually only need to consider more stable carbocation possibilities (2° 3“ R ). 
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Problem 27 - Consider all possible rearrangements from ionization of the following RX reactants. Which 
are reasonable? What are the possible S N I and El products from the reasonable carbocation possibilities? 



HWIt* 
SI-2 

13-1 


■•<►*>!>> it K‘ 
Ssl-I 
El -2 



iriitvt) R i tufoopOTl K 1 
S.I-2 SWI-4 
FJ-I 13-6 


C ‘ 



iniliil Hi 
S.I-2 
1:1 -1 


nrfwxpuitRi 

V-* 

HI -6 


d. What would happen to the complexity of the above problems with a small change of an ethyl for a 
methyl? Use the key of "b" and *‘c” as a guide. This problem is a lot more messy than those above, 
(which is the point of asking it). There are too many possibilities to consider listing every answer. 



lur-^ 01 ' 

u 


initial R+- Mifcajusit R+- 
Ss-l-2 ^1-7(7) 
El-1 El-12(7) 



There are other features that must also be considered in carbocation rearrangements in addition to 
the relative stabilities of 1°, 2" and 3° carbocations. One such feature that modifies the relative potential 
energies of the possible choices is strain energy. Consider the possible rearrangement choices available 
to the following tertiary carbocation in a polar ionizing solvent. 



a. A hydride migration makes a primary carbocation from a tertiary carbocation. This reaction 
would increase the potential energy by about 35 kcal/mole and is not a realistic option. 


b. At first this option (hydride shift) seems very reasonable (tertiary carbocation to tertiary 
carbocation). but there would be much additional ring strain energy because of bond angle 
changes in the small cyclobutane ring (109o sp3 to I20o sp2), while geometric shape in the 
ring is trying to be 90o. This would, therefore, not be a favorable option. 


c. At first this looks like a very poor reaction (tertiary carbocation to secondary carbocation vial 
alkyl migration of a ring carbon) and would be uphill by about 15 kcal/mole based on carbocation 
stabilities. However, the reduction in ring strain would be downhill by about 20 kcal/mole (26 
kcal/mole -> 6 kcal/mole), resulting in an overall potential energy change of -5 kcal/mole. 
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What is actually observed? (Only El reactions are shown. S N 1 possibilities are not included.) 
Rearrangement ‘e' occurs, followed by another rearrangement from a secondary to tertiary carboeation. 


Path c leads to 
ring expansion 
rearrangement. 



H CHj 




2“ carboeation 
I run Rxnargaivni t* 


H 

3° carboeation 


major 

(85%) 


minor 

(14%) 


v«y 

minor 

0 %) 


HI products 


Problem 28 - Lanostcrol is the first steroid skeletal structure on the way to cholesterol and other steroids in our 
bodies. It is formed in a spectacular cyclization of protonated squalcnc oxide. The initially formed 3° cartxcation 
rearranges 4 times before it undergoes an HI reaction to form lanostcrol. Add in the arrows and formal charge to 
show the rcairangcmcnts and the final HI reaction. 
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Example $ S 1 / HI Mechanisms with rearrangement 


/ SN/) Y 1 

A 

2R-b«omo»3R-mcthylhcxar>e 


I. weak 

V 2.2-R-X 

HjC^ 1 • Thc first 2° R forms two S*1 products ix*i three El predicts 

^ 2. The rearranged 3 # R' forms two S K 1 pnxkcts ix*d five El pnxiu:is 

secondary RX (2“| I H-Nu: (S*l> 

R'nucuom ;.k«C r .H(EI) 

3. rciiTange (start over! 


}c 

|,s""y •• a . ncf M sC a H — c ' 


Which, ^ ch ' ch > 

j. b. c show attack on left lice of carhocatKin. 
attack also occur* from the right *uie of R . 

H b H c c 




a V CH * 

■ / 


w/ ^CK^CHj 


/ ’ \ n. 

H 4 CH^CH j $ h I f rom a || lc * of left face 


V ** \ r 

I. x* \ \ M 

H"-' Y V °»N CK 

H CH^CHjCH, CH, Cn^CHyCH-j 

El product after 

lomofbeu proton £* prxkxt after toss of beta proton rearrangement 

ftanmcih>J<CHa *■■*»«« t«)li*«dwfcc* (oexI|uge| 

carhocation continued with rearrangement) 


H_ef- H H_c r 

- 

H—qr V 

\ CH/CHjCH, 

CHjCH^CH, „ . ._. 


S N i produd from uuik of righl lace 


H. H,C H H b 

CS* roirranpcmcw \ \ / _. 

from2'R toJ°R', M '-C„ C"--H 

*C- 

/ a r~* I 


HiCHjClt 


M 'c 




2‘ R frere presuxrs pige MaC^ 


redraw R to show 
S*1 rerctKin > 


Hj C H M b H S CH.X CR, 

M /'fT M ^ ” b- .. ^ c m“ 

4 -^ ""V w* A 

—_ C H a. b. c " El produri* M Wlk 

CX / (protons lost from Same nroduct tonn* from 

M V either face) loss of methyl preton tnxn H 3 CH 2 C^ CH* 

H either face I no F or Zy f 

/ C Cu 

/ l h -' 


H,C __d_ 

> 


ST ^ 


'CH^CH, 


H,C 

• /* 


SnI prodimr 




—CH, 


IV \ 

^ CH^H, 


u 


,C-CH, 


uS» 

(3R| ^"-CH,CH, 


HjC~-—Ch 


KjCH^C- 


.4 ' 


H,CH,(f 'tt 

T wo possible preducts from lo** of proton 
from left faccor nght face co propyl branch. 

. H ,j‘ 

\-CH. 


2 E alkew 

H 

H,C^.J 

Cf. 


CH2CH2CH3 


a W 

C.—CH 3 

ShjCHjCH, 

Two rc^sihlc products from kiss of prc«m 
from left facccr right face on ethyl branch 
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After rearrangement to 3" carhocation (R*) Wc will skip rearrangements in Chcm 314 


48 


mil ill 2 carhocation 
rearranges via hydr.de 



R reaction possibilities start all 
over again with new* caxtxKJtion 

-► add nuclcplulc I top bottom) - S K I 


4S stereochemistry it 
lost in new cartxKJtion 

Redrawn (achiral I- 

111 products from left carbon Atom (top and bottom, after rearrangement) 

H : *6: 


late (Ml (topbottom) - EI 
rcairangcfrant to similir cc 
more stable carhocation |R I 
(new is posuble here) 


RjC- 


ll, m, 

< ¥-c4,„ 

" : »A 


"H* parallel to 
empty 2p cubital 
on tep and bottom 
ot* right C|| position 


diastercomers 


II.C. 




v 

h/ 


3E-alkcnc 


OI» 


"V 

II—c 

V-& 

„/ ^ 

3 /alkcnc 


111 product from right ( p carbon atom (top and bottom, after rearrangement) 

H dustcreomcrs 

"H* parallel lo II- H. 

/-nil CM, enpty 2p oHxlnl 1 \ _^C 
II,C^ / V u -ttlcpandlwicen h. 

fi. C' ofrighl Cp position 


H,C 


/H, 

■* 


«* V=c' 

XHi 


2Z-alkenc 


# -OH» 


2K>alkeRc 


111 product from methy l C ^ carbon atom (top and bottom, after rearrangement, only one product from the methyl) 
H 

If parallel to 



on top and bottom 
of right Cj4 position 




ifll. 


/-fL 

H,C 1-alkcnc 

(docs n* have E/Z 
stereochemistry) 


S>l product (a. add from top and b. add from hottomi. (after rearrangement) 

~ •••«>».- 

*\*y 

I achiral) 

II 


'I.- 




V 


L 


AA 


acid hise ll 2 

.. r —^ \ <3Rl I* 1 * 0 " trjn * fcr .. - c v. 

"' C _C’H, "' C 




(.!Rl 


C h"/^c- 


-CM, 


H;0; 


H,C 


II. 

H,< l— 1 scidW 

(iS) prolco u;infer 

^rOII- 


II,C 


ciuntiomcrs 

'V c * «■ 


II, C* 


/t/\ 


/ C '^CJ|, 

(JS) 
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Alcohols in strong acid = Protonatcd Alcohols - Water as a (>ood Leaving Croup 

Wc can make the hydroxyl group of an alcohol, OH, into a good leaving group in strong acid conditions (HCI, 
HBr, HI and H>S() 4 ). Strong protic acids arc used to extensively protonatc the alcohol OH. When the alcohol OH 
is protonatcd. the leaving group is water, not hydroxide. Water’s conjugate acid is H*0% <pK ; , = -2), while 
hydroxide's conjugate acid is H>0, (pK, = 16). If substitution is the desired goal, then the strong halide acids arc 
normally used. HCI, HBr or HI. If elimination is the desired goal, then concentrated sulfuric acid (H 2 SO 4 ) is used 
at an elevated temperature ( A). 

Using the hydrohalic acids (HCI, HBr or HI), very polar, strongly acidic conditions encourage SnI reactions, 
and these arc assumed to be operating at all tertiary and secondary’ alcohol (ROM) centers. Rearrangements arc 
frequently observed under these conditions. Ihc large energy expense of a methyl or primary carbocation prevents 
the escape of water on its own. The H:<) at methyl and primary ROH/ is assumed to be pushed off by the halide 
(S\2) of the strong acid to form a methyl or primary haloalkanc without rearrangement. 

a. W V and 3* ROH reacted with HX acids (HCI, HBr. HI) ■ usually Sy chemistry* 

i. methyl alcohols (S\2 emphasized, no rearrangement) 


methanol 


pK,--9 


f\ r\ I water it a good 

/ 7. _ V./' 1 11 leaving group 

- £ H, c TT* 




H-Br: 


bromoou thane 


.. e 

-II 2 Br 2 


ii. primary alcohols (Sn 2 emphasized, no rearrangement) 




-IV HjC 

PK .--0 


primary alcohol 


I water is a good 
Vro—H leavinggraft 

— ,c 




primary 

bromoalkanc 


111 . secondary alcohols (S\l emphasized, rearrangements possible) 


H 



secondary alcohol (trains Oil) 



1 n 

II 

.. S 


1 H— £■ 

11—n—11 

: ci: 

• • 



. 

1 ^ 

water is a good 
Icavmu croup 

/ v ^ Q 


K 1 



V 


SnI H,t 

wry - ^ 

trams Ct 


top and bottom 


k 


attack 

\_ 

_/ 


secondary 

chlnroalkanc 
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iv. tertiary alcohols (S*l emphasized, rearrangements possible) 


SO 



tertiary alcohol (tram OH) 




Problem 2 ( ) - Propose a synthesis of monodcutcratcd cyclohexane from cyclohcxanol. 



h. 1% 2” and .V KOH reacted with H^SOg and high temperature = El chemistry 

Using strongly acidic sulfuric acid. H 2 SO 4 , at elevated temperatures favors lil reactions because lower boiling 
alkcnes distill out and continually shift the equilibrium to make more alkcnc. which continues to distill out, until 
there is no more alcohol left in the reaction pot. We will assume that an HI mechanism is operating in all of the 
reactions below (even the primary alcohol, an exception to our rule about no primary carbocations - the conditions 
arc very harsh). Rearrangements arc possible and observed. 


i. primary alcohols (with high temperature E1-? - emphasized, rearrangements possible) 

1 ..A 


H <>— SO,H 


very difficult H 
(high temperature) 


— H-o-11 


: o—so,it 


, 0 ; 


A 

(!»gU 

—<>- 

primary alcohol Vf 

bp - *82"C PK.--I0 



: O-SO,H 


alcohol —— alkcnc 
ATu.-12Vt 


hp - -arc 

dislills out 


11 . secondary alcohols (El emphasized, rearrangements possible) 

.ZUh 

A ^ 11 

It O SO .11 

\i 

pK, “ - III 

secondary alcohol 
bp - +I6I°C 






H 


H 

H— A -II 

El 


-SO,H 


: O-SO,H 



water is a good \i | / 

leaving gioup \y bp - *83 0 C 

alcohol—- alkcnc dislills oul 

ATi_“78°C 
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in. tertiary alcohols (HI emphasized, rearrangements possible) 

r A 




tertiary alcohol 
fap-4102'C 


A 

Ihcnu 

\f 

pK .^-10 




II 

II- l -II 


51 


: o—so.11 





minor alkcnc 90% < alkcne 
ilex* substituted) {nxirc substituted) 


bp - •*33 U C 
distills out 


bp - 439°C 
distills out 


We have some, limited control to direct the alcohol functionality toward Sn or H choices. The conditions to 
effect these different pathways are important, so you must be aware of the details mentioned above (halide acids = 
Sn reactions and HjSOVA = HI reactions). Heat is a crucial aspect of the HI reaction, since it allows the lower 
boiling alkcne to escape from the reaction mixture by distillation, while the higher boiling alcohol or inorganic 

esters remains, in the reaction pot to reestablish equilibrium by forming more alkcne. which distills.etc. 'Ihe 

alkcne boils much lower than the alcohol it comes from because it does not have an “OH" to form hydrogen bonds. 

Examples of Boiling Point Diffeiences Between Alcohols and Possible Alkene Products 


boiling points 
of alcohols rC) 


boiling point 
of alkenes (°C) 


(-47-C) 


DT, 


(183-C) 



(129-0 


(97 -C) 




(-47-C) 


(144 “O 


OH 



(ioo°o 



(106-0 

(99-C) 

(96-0 



H 061 °Q 



(83 “O 


(78-C) 


There arc important other ways to change "OH* into ‘Ur’. The OH group can he an alcohol or a carboxylic acid. 
Some possibilities arc shown below. 
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1. 


Formation of tosylatcs from ROH + TsCI (tolucncsulfonyl chloride = tosyl chloride), S^'H chemistry is possible 
without rearrangements. 



Problem 30 - We can now make the following molecules. Propose a synthesis for each. (Tosylatcs formed from 
alcohols and tosyl chloridc/pyridinc via acyl substitution reaction, convert ‘'OH” from poor leaving group into a very 
good leaving group, similar to iodide) 



2. Other acyl-like transformations include thionyl chloride (SOCfo) or thionyl bromide (SOBr:) with alcohols (makes 
R-Cl and R-Br) or carboxylic acids (makes acid chlorides. RCOCI). Acid chlorides formed can make esters, amides 
and anhydrides. 

Thionyl chloride with methyl. I" ROH = acyl-like substitution at SOCK, then S*2 at methyl and primary RX. 


synthesis of an alkyl chloride from an akobol • thionyl chloride (SOCIj) (can also nuke RBr from SOBrJ • q • 

e -w • •• e — ii 

-O s ci: -- 



acyHIkc 

substitution 



£/l. 


No rearrangerrcnt because d> R*. 

**o • 




S, 


I!—C l: 


O' 


•V 




i 

T (\ W 

,™, '--/" Cl I 


: Cl ; 


8*2 at methyl and 
primary alcohols 

••o'* 


: Cl: 


product 


:0 

i 
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Thionyl chloride with 2" and 3 ROH = acyl substitution, then S N 1 (there arc various ways you can write this 
mechanism) 



Synthesis of acid chlorides from acids + thionyl chloride (S(X’b), use the carbonyl oxygen instead of the OH. 


e ;’cr 



e •• 


l: 


II jS resonao 


e V: ; : e V; 

—tl: -X^CI: 

to •• 1C) 

:c | resonance | 

( „ll ,ir - Ba» 

'tfcji'O 

e .*o* 


V' 


: Cl : 




*0 - 

■a? i. 

- • 

r _ q " rN 

V^/acylium h>o ® 

resonance 


•<) * 




2 0 . 
1^ 
X C< V 


Cl 


X 




.. e 

: Cl: 


H-Base 


Formation of esters from ROH + acid chlorides, amides from RNHi or R 2 NH + acid chlorides and anhydrides from 
RCO:H + acid chlorides 



There are many variations of ROH and 
RCO>H joined together by oxygen. 
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amide syntlvis from Aid chlorkte and amiits 

•o i ^ 



. A ?. 

a; \o; 




/> 

II H* 


Here are m*iy \ai*ukKt> of RNI C or R^NI I 
and RCOjjjwrcd together ty nitrogen. 


anhydride *ynlhe*i* from acid chloride and carboxylic acid* n 

-r 757 


: 0 ‘ -O’- 


There arc many variations of R|CO<H and 
RiCO.Hjoined together by oxygen. 


Phosphorous trichloride (PCI,) = S*2 of alcohol at phosphorous, then S n 2 (at methyl and primary R(OH)PCb) 

.© 

. a • — . : Cl ; 



ci- A 
h ' \ 

Y* ___ 1*-Cl .*- 


'"I f 


" " v/ 


>7 N?l ; — 

S»2 


vj- \ ' 6 '' ^ci 
Cl, | react* •• 

H ,wi “ 
more 


Phosphorous tribromidc <PBr 3 ) = S^2 of ROM at phosphorous, then S N 1 (at secondary, tertiary, ally lie and benzylic 
R(OH)PBr:> 


.V f : !? i: T 

■••/ w I - Sn2 


•• ;()' Hr 
>f t I reads •• 
*’ I twice 

1 trim* 


x/ .. «r —- P—Hr: 


© 

zx 

: Br: 

i 

lu .. ✓‘v •• -to V 

> ..Br: 

• • 

Sn2 


Br s 

v / r'n 1 »««* •• 

1 twee 
i II more 




X 

R.S lU 
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Chart of S N and K Chemistry (note exceptions) 


.>-At——D 


typical strung base \ $ 

nucleophiles are: •* 

< for our course) 


t.hulOXKfc R 


? 9 n^ 


.© f. .C- II—6—11 

N ,/V R /V . N #- c# 1 


II,, oalySs’ only S N 2 onlyS^ only S N 2 only S N 2 onlyS N 2 only ^2 only S N 2 only S N 2 only S N 2 

methyl 


R X 

c S s 2>E2 S n 2>E2 F^Sn2 S|<2>E2 s n 2 > E 2 S N 2>E2 ^2 > E2 S s 2 > E2 S*2>E2 S*2>E2 

P""“0' (bulky & bade) 


R SH/ X 

I E2 >S n 2 E2 > S>2 E2»S n 2 S n 2>E2 c 2>E2 Sn 2>E2 S n 2 > E2 s N 2 > E2 E2>S*2 S^2 > E2 

k eveeptu.n exception exception exception 


secondary (too bade) (too basic) (bulky & basic) 




(too bade) 


only E2 only E2 only E2 onlyE2 only E2 only E2 only E2 only E2 only E2 


tertiary 


typical weak base 
nucleophiles are: 
(t’oi our course) 


H 'll R 'll 



alcohol reactions in SOCU PCI, 

strong acid: " SOBr. PBr, 

(for our course) <X-ct,Brorli 


I. TsCI/pv H.SO, 

2 NaB. . 


H,C' 

methyl 


reaction reaction taction 


H,C- 

methyl 


discusM.*d 


primary 


secondary 


reaction reaction reaction 


S n 1>E1 S n 1>EI S n 1>EI 


N'' 

llj 

piunary 


R ^° H 


secondary 


ternary 


S\I>EI S n I>EI S n I>EI 


tertiary 
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Problem 31- Look back at the tabic of R-Br structures on page 2. Include stereoisomers together. Be able to list 
any relevant structures under each criteria below. 

1. Isomers that can react fastest in S^2 reactions 

2. Isomers that give l£2 reaction but not Sn 2 with sodium methoxide 

3. Isomers that react fastest in S*1 reactions 

4. Isomers that can react by all four mechanisms, S*2, H2, S N 1 and El (What arc the necessary 
conditions?) 

5. Isomers that might rearrange to more stable carbocation in reactions with methanol. 

6. Isomers that arc completely unreactive with mcthoxidc/mcthanol 

7. Isomers that arc completely unreactive with methanol, alone. 

The number of each type of product (SnI, El, S\2, E2) is listed after a reaction arrow for each starting structure 
(assuming I analyzed the possibilities accurately in my head, while sitting at the computer). Do you agree with 
these numbers? Can you draw a valid mechanism for each one? 
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When methyl on C(1 is anti 
to C-Br, no S N -2 is possible and 

no E2 is possible from C. I. Rotation of C„-Cpi brings II, or H b anti to C-Br. which allows S»2 and 

two dilYerent E2 possibilities: H a (Z) and II,, (E>. Since Cpj is a simple 
methyl, there is no C|, 2 substituent to inhibit either of these reactions. 

E2 possible here 

full rotation at 
in chain 


I I J 

No S n 2 possible and no S N 2 possible S N 2 possible 

E2 from C,„. but E2 from E2 from Cpi (2Z- butene) E2 from C )n (2E- butene) 

Cp 2 (I-butene) is possible. E2 from C|, : (I -butene) E2 from Cp 2 (I -butene) 

alkcne stabilities telrasubstituted > trisubslilulvd > trans-dlsulntltuled > i>cni-disutnlitutcd * cis-disubstilutcd > ■MMMttilntituted 




Use these ideas to understand cyclohexane reactivity. 


equatorial leaving group 



I 


No S n 2 is possible (1,3 diaxial 
positions block approach of 
nucleophile), and no E2 is 
possible because ring carbons 
are anti. 

only partial 
rotation is 
possible in ring 


S\2 possible if C a is 

not tertiary and there E2 possible 



leaving 


No S*2 or F.2 when "X" 
is in equatorial position. 



No S n 2 is possible 11.3 diaxial 
positions block approach of 
nucleophile), and no E2 is 
possible because ring carbons 
are anti. 


only partial 
rotation is 
possible in ring 


group Both S n 2 and E2 are possible 

in this conformation with leaving 
group in axial position. 


No E2 possible. 

No S..2 nossiblc if there anti C„-H. 



II. 


No S s 2 or E2 when "X" 
is in equatorial position. 


Only E2 is possible in this 
conformation. Leaving group 
is in axial position. 
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Problem 32 - Predict possible products of a. water and b. cthanoate (acetate) with structures 2. 10 and 13. Only 
consider rearrangements to more stable carbocations where appropriate. 



1. Which conformation I* reactive? 

2. In S*2 possible? Requires an open approach 
at C ia and Cp. 

3. Is 1:2 possible? Requires anti C^H. 

4. How many poss£ilc products are there? 

5. What is the relationship among the starting 
stnxturcs? 

6. What is the relationship among the pnxlurts? 

7. Are any of the starting structures chiral? 

S. Are any of the product structures chiral? 



chair 1 chair 2 


H 





t butyl substituent locks 
m chair cinformation 
with equatorial t* butyl 




Mechanism predictions with: 

Some examples 

H—N;.* R- fP Na 




strong nucleophile bases • other anions shown above 


weak 

nucleophiles 
II-O-II 


R-()-H 

O 
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The number of each type of product (S^l, 11, S*2, fc2| is listed after a reaction arrow for each starting strocturc 
(assuming 1 analyzed the possibilities accurately in my head, while sitting at the computer). Only consider 
rearrangements in part 9. Do you agree with these numbers? Can you draw a valid mechanism for each one? 



chair 1 



chair 2 


Only ccmi&r carbocatian 
rearrangement* that 
immediately go to a nvre 
wtahlc carhocation (not 
equally stable carhncation* 
• too tmny possibilities ) 


condition 1 



condition 2 
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CH, 





l om n mvul Aailahlc ttonicak itti i 


Hr, 




MCI 


HBr 


t • v ua can i nv oke lvv: wh en ever ■ »j need 


HI 


H,S0 4 h,K) 4 HNO, 11,0 NH J HjO 2 CO. 

bromine chlorine "kjSu h h ydr ^ n h><ircr ^ 1 ' ^Ifuric phosptoric nitric nod nntcr amnunu hydrogen carton dioxide 

chlondc bromide iodui: acid acid liroxidc 


Salts / ionic subttHKC* 


No 


Na 


-O. 


N« :a: 


:0——H : '=* 

sodium sodium sodium 

hydroxide hydrogen cyanide pouaium hydride 

' ulfidt (very tlrnng burr) 


-Cl® 


N* :H 

.odium hydnefc . * © e * 61 ‘‘O' 

<x«ry«ragb»e> Nj 'N1IR, :N=N=N: 

8 R CmII sodium Bade N ® " Nc* - U, • 

II: fc 8 Kdium jnude (excdleal nucleophile) tM|||nnm||||( ‘ * 

(very strong hate) * 

H BAj •• Na : I ; 

.. (mccurK silts) h •• || 

ll-AI—II - 1 ° 


-OH 


i-Kity! alcohol 
(use 10 make 
tfaifcoxidtf) 


Cu • Hr; 


cuprous 

hromui: 


» mJ: L,* 

L ‘ methyl lithium \-/ Li 


H-H-H 


II—i—CN * 


nbityl lithium 

(\ery suoog hi*e (very strong haset phenyl lithium 

or nuclecphile, use . <'**y strong hwej 

V 

pre aldehydes ketcres 


inxtmKi 



AA 


|\ N *’ H H Nj ’ 

nxlium Kmihyxfctate lithium alummundiydridc LAH sodium cyanoborciiydridr 

imickxphylic hydride I <*«y '“H'S nuclecfthilic hydride) (luKkophy)ic hydride) 
(LiAlD, lool (NaBD, too) 

O. O O. O LcwBaridk 

o O %.<?' %.sr AIBr, 

FeBrj 
BF, 
SOCb 

cihucic acid panunganaic p Ul) 


diitopcopy famine dilhijn ’ c * "' J 

a. 

O NBS - N-brurcKiKCuiimhi: 



A,„ A A 


p^halinodc 
(an imidc) 


a carboxylic acid I 
ds : ki 


pre aids kets 


(a cxbocyl) omnium icrroxidc 
pre aids / kets 


SO, 

etc. 



II 


meta chlotuperhai/coc acid 
(mCPfiA) 


(supplies free radical hromra 
for alIvlie & ben/ylsc substitution) 




reactions 


O 




Ph 


I. IlgfOAch.ll.-O 
2 NaBII, 


Ph- 


\ 


HOT, I. Oj. -JtfC 

chloroform iCH.SCH, 


pyndme HO 11 , 0 ' 

(PCC| (loner) 


./ HCBr, •S3T 

Hg(OAc)yROH tr»phcnylp*K*phinc hramotorm reagent - NaBH 4 

to make Wittig salts | 


2 MaBli, 


Various ratals 


1.0,.-WC 

2.II,Ow. HO 


ditrcnnc 
use «V allenc. mc „n C ni* 
II II 

'• >-•' 1 'll—H 

2 H : O : H0 9 1 Br.CH^O® 


o 

0-1 



- Ts-CI (tasyl chloride) 
makes ROH irao tos> latcs I 


py 



pyridine • 
proton sponge 


Na/NH, Zn «'«, « *<: C/" 

v ammonia zinc palladium & quinoline ,IW J i. 


diilkylboiroe 
use mV alkyncs 


)—H 


M 8. Li Na 

irugiicioim Inlu’jm sodium m ommonu xinc pallnlium & quinoline "O' ^ ": N . ‘ k ' 

X mf “ l (Birefc nrngml) n>cul hvill( ,^ (LindWsco.) cjylejje 21^ 

(protect OO) 


1W U /=\ 

I protect O-H) ^— 


toluene sulfonic acid - TsOH 


K ^_ 9 (very stroig organic acid I 


For now. the structures below represent your hydrocarbon starting points to synthesize target molecules (TM) that arc 
specified. We will only study two free radical reactions in our course, but they are very important reactions because 
they make versatile functionalized starting molecules for synthesis of all the other functional groups studied in this 


course. 
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Allowed starting structures - our main sources of carbon - I. Free radical substitution ofsp' C-H bonds to form sp' 
C-Br bonds at the weakest C-H position and 2. Anti-Markovnikov addition to alkenes makes I" R-Br. From these two 
reactions we can make 13 R-Br molecules below. 


CH, 



| Brs t hv | Br 2 /hv | Br 2 /hv 


Br 



E2 reaction ^ reaction 





J Bri/hv 




11 Hi 

H,0> / hv 


IIBr 

Hfi 2 ’ hv 


IIBr 

H 2 0> / hv 



You will need to propose a step-by-step synthesis for each target molecule from these given structures. Every step 
needs to show a reaction arrow with the appropriate rcagcnt(s) above each arrow and the major product of each step. 
This is often accomplished by using rctrosynthctic thinking. You start at the target molecule (the end) and work your 
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way backwards (towards the beginning), one step at a time until you reach an allowed starling material. The starting 
material of each step becomes the target molecule for the next step until you reach the beginning. 

I. Mechanism for free radical substitution of alkane sp' C-H bonds to form sp 1 C-Br bonds at weakest C-H 
position 


overall reaction 


Hr : 


c-' 

Nh, 


: Hr-Hr: 


hv 


, 1 , 


II-Hr : 


H, C' Nh, 


initiation 




: Hr-Hr. 4 

weakest bond ruptures fust 


hv 


*. Hr- 


•Hr. 


AH - 46 kealmole 


2a propagation 

II II s. 

A 'N- 




2^ 

'CM, 


Br: 


II 

v 


HjC' 


Nh, 


II-Br: 


HI: - •VS kealmole >■ 
BE - -xx kealmole 

All - *7 kealmole 
(overall) 


All--IS 



>/5 

Br-Br : 


H • Br. 


v 


•Br: 


ll.c 


Nh, 


BE - *46 keal mole 
BE - -OX kealmole 

All - -22 keal mole 
(overall) 


both steps 


3. termination - combination of two free radicals - relatively rare because free radicals ate at low concentrations 

\ . 

V * 

h,c / Nh, 

?Hj 


V-N/N- 

h/'Nh, 


AH - -6X kealmole 



H,<r Nh, h,^ N h, 




AH - -X0 kealmole 


L 


very minor product 


2. Free radical addition mechanism of H-Br alkenc pi bonds (alkcncs can be made from E2 or H1 reactions at this 
point in course) (anti-Markovnikov addition to alkenes) 


overall reaction 




S»: 


HBr 

R.Oj leal.) 
hv 


H,t 


h 2 

/C N- 

H; 


Br 


I. initiation (two step*) 


(V. 


* • (eat.) 


hv 


N>\ 


o: 


AH - 40 keal mole 



^r\A 


H -Hr: 


reagent 




BE - • XX keal mole 
HE--III kealmole 

AH - -23 kealmole 
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A* 

BE - *63 kcallnole 
BE - -68 kcallnole 

All - -5 kcal/mole 

H; 

BE - '.XX kcaL'mole ' 

AH--IS 

/ C \ c ./ B r- ‘Br: 

BE - -9K kcaLimle 

both steps 

H? 

AH - ■ 10 kcal/mole 

( 2 a * 2 bl 


II-Br: 


HjC 


Miscellaneous K2 mechanism not included above; An E2 reaction that makes carbonyl compounds (C=<)> 


1. PCC = pyndimum chlorochromatc, (CrOvpyndinc). CiOj oxidations of alcohols (methyl, 1" and 2° ROH) 
without water. Steps arc: I. Cr=0 addition, 2. acid base and 3. K2 to form C=0 (aldehydes and ketones). 



PCC - pyndinium chlorochromaie oxidation 
of primary alcohol to an aldehyde (no water to 
hydrate the carbonyl group) 


O’- 


e 


O- ik* 

h 


»,C\ 


II 


II 


' II 



N: 


/ 


J 


•o- 


H,c. 


fc2 

e 

o- 


ii? 

aldehydes 


1 ^o- 


CrOj oxidations of alcohols (methyl, 1" and 2° ROH) without water = PCC, Cr=0 addition, aetdbase and E2 to 
form 0=0 (aldehydes and ketones) 


H 






V O' 


II, c 


II 


II 


1 II 


primary alcohol), 


PCC - pyridmium chlorochroimte oxidation 
of primary alcohol to an aldehyde (no water to 
hydrate the carbonyl group) 


O'- 


:« 


O-" 

/ V-- :<K ^»- 

u I _ I 

H,C. A 


II, C 




** H 



N : 


I- 


© 

•O’ -o'- ? 

h aA,, K;- 

ketones 
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2. Jones reagent = CrOj/watcr/acid, CiO* oxidations of alcohols (methyl, 1° and 2“ ROH) with water. Steps arc: 

I. Cr=0 addition. 2. acid.basc and 3. E2 to form C=0 (aldehydes and ketones) 4. hydration of C=0 and repeat 
reactions when the starting alcohol is a 1 “ alcohol (forms carboxylic acids from primary alcohols and ketones 
from secondary alcohols). 


u: 

A 

primary alcohols 


'in „>C 

' - 


\\ X 

>vs 

u r 


p " 


Jones - CiOj / H-O / acid 
primai>’ alcohols oxidize 10 carboxylic acids 
(water hydrates the carbonyl group, 
which oxidizes a second tune ) 


\r\ 


Y£> 


H H 


hydration of 
the aldehyde 


O’- ? 

\ /°; 


aldehydes (com. in water) 


L ^ P A” * 

i, t H 5, H hydration of h, H 

: V 2 the aldehyde aldeh'ydes (cont in water | 

i H-°-H H H H ' 

„ „ *, ,. /> v° 

■f >p->- v_s_ ^ii^j V'a > 

"■^■4 “—" « V U N "P C P" H ' c ^-k- 

H > H " < \ \, _ », A 


V 


o . X 

ii ^ V'X %• 


"v"' 


ST \ *« 


'YW - 

second oxidation of the carbonyl hydrate 
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Problem 33 - Wc can now make ihe following molecules. Propose a synthesis for each from our starting materials. 


akkhyifct. c Altai > 

0 

Ik 2C*d% ufU CfctCf* 

O 

Cl 


0 


A 

ll^ 'Nl 

H.C i 

i, 

5 

-*"1 

/ 

z 


Ox 

O 

o 

o 

0 

o 

"i 

A. 

n\^ *N»h 

"Xv JL 

A, n,h 

H A^A,„ 

k 

c> 

ry' N ” 

ox 

o 

o 

ii 

o 

o 

II 

Hj 

II 

h/V " 1 

H ‘ C V /v 

k 

i a * 

A o 

hA/ H 

X ^ 



ix't^utiACCtl ilddivdc*. tfiftaxylic Kldt 2nd Cilffi 
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